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ABSTRACT

\NThe efficient and successful design of new generations of highly energetic propeilants based on
evolving nitramine chemistry will require a thorough knowledge of the chemical and physical parameters
controlling their ignition and combustion.

The necessary level of insight can be attained and successfully embodied in the predictive
computer models necessary for effective propellant design, development and testing activities if a
coordinated, hierarchical program of theoretical modeling and confirming and supporting experiments is
designed and properly executed.

This paper reviews the current state of our understanding of the chemistry and physics of
nitramine propetlant ignition and combustion and develops and motivates the basic research program
necessary to put advanced nitramine propellant development on a firm and effective scientific basis.

Confronting and solving problems involving complex physicochemical phenomena which
intertwine complex heat, mass and radiative transfer processes with chemical kinetics is a challenge which
physical and engineering scientists are becoming much more adept at meeting. Modern theoreticai and
experimental tools are now available which allow the design and utilization of much more comprehensive
analytical modeis as well as their concomitant supporting and confirming experimental measurements..
Significant recent progress on these types of complex problems in the fields of atmospheric chemistry,
hydrocarbon combustion chemistry, chemical laser development and advanced materials processing lead
us to believe that similar, focused efforts on advanced nitramine propellant development will be both

timely and fruitful.
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1. INTRODUCTION

1.1 Problem Background

Nitramine propellants are based on energetic chemical materials containing nitro groups
chemically bound to other nittogen atoms: N-NO5. They are widely used in low vulnerability

ammunition (LOVA) due to their low sensitivity 1o accidental ignition and in tactical rockets
where they help to produce reduced smoke exhaust plume signatures.

Currently, the most widely used nitramine propeliants are the cyclic compounds HMX
(Octahydro - 1,3,5,7 - tetranitro - 1,3,5,7 - tetrazine) and RDX (Hexahydro - 1,3,5 -
trinitro - 1,3,5, -triazine). However, new energetic nitramine compounds are being
developed for use in energetic propellant binders. A particularly promising research area is
the synthesis of new classes of caged nitramines in which the ring strain energy contributes
significantly to the energy content of the molecule.

The safe and effective use of energetic chemical materials in gun and rocket propellants
requires that their ignition and combustion characteristics be optimized to maximize reliable
ignition rates and combustion heat release at a predetermined burning rate, while minimizing
sensitivity to accidental ignition, degradation on storage, burning instabilities, erosive or
corrosive exhaust products, and other undesirable properties. In particular, control of flame
spread during ignition has been a major concern in gun propellants where stable and
reproducible pressure rises are critical to achieve standardized projectile velocities and
trajectories.

Gun and rocket propellants are formulated by combining energetic materials such as
crystalline nitramines with polymeric binders that provide the necessary mechanical
properties to form and sustain grain shapes and densities. Binder materials have a major
impact on propellant ignition and combustion properties, as do stabilizers, plasticizers, and
other propellant grain additives. Thus, in order to optimize overall propellant ignition and
combustion performance, it is necessary to understand how to optimize pure nitramine
properties as well as to understand the ignition and comtustion properties of these other
propellant components in both their neat and formulated states.

1.1.2 Previous Review Efforts

Considerable research effort has been expended on understanding the ignition and
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combustion of RDX and HMX propellants. Good overviews have been presented by Boggs! and
Fifer;2 while a great deal of work on the thermal decomposition of RDX and HMX has been
reviewed by Schroeder,3 Cook,4 Suryanarayana et al.5 and Dubovitskii and Korsunskii.8 Most
of the work tabulated in these reviews has focused on macroscopic properties such as burning
and thermal decomposition rates as functions of pressure and/or temperature. However, these
global properties do not reveal the fundamental processes occurring at a molecular level.

Obtaining molecular level information on nitramine ignition and combustion is not trivial.
The chemistry of these processes is complex and it typically proceeds in very harsh and
challenging environments, often characterized by high pressures, high temperatures, short
time scales, thin reaction zones and very labile chemical species.

Recently, however, greater efforts have been expended to develop both the experimental
diagnostics and computational models needed to probe and understand nitramine ignition and
combustion. Two recent workshops sponsored by the Army Research Office have focused
attention on the development of these tools.7-8 The most recent insight gained from these
efforts will be reviewed in Section 2 of this report.

1.1.3 Critical Problems and Challenges
In order fo optimize propeliants based on RDX and HMX, and, more importantly, to design

successful new propellants using advanced, energetic hitramine compounds it is necessary to
greatly increase our understanding of nitramine ignition and combustion processes at the
molecular level.

Both the synthesis of new, higher energy nitramine compounds and their successful
formulation and testing as advanced propellants are difficult, time consuming, expensive and
even dangerous tasks. Thus, the development of a predictive capability which would provide
insight into those molecular propellant ignition and combustion performance characteristics is
extremely desirable. Such an advance would be invaluable in guiding nitramine propeliant
research efforts and would significantly shorten the time and expense of developing successful
new nitramine propellant formulations.

An illustration of the complex physical and chemical processes which govern the ignition
and combustion of a nitramine propefient is presented in Figure 1. The coupling of critical
energy and mass transport processes with several regions of complex chemical change demands
a sophisticated approach to the overall problem.

In particular, it is almost certainly necessary to determine the detailed chemical reaction
- mechanisms for nitramine ignition and combustion. For instance, recent kinetic modeling of an
RDX flame (explained more fully in Section 2) has demonstrated the importance of detailed gas
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phase chemistry in controlling the burning rate. A key challenge is to identify the chemical
species leaving the surface and to understand how they change as the molecular composition and
physical formuiation of the nitramine propellant and binder are varied. The presence of
binders and additives may also increase the importance of condensed phase and surface reactions.

Critical research areas which must be addressed in any comprehensive nitramine
propeliant research program inciude:

The validity of existing gas phase reaction mechanisms

2. Extension of current reaction mechanisms to higher pressures
Extension of reaction mechanisms to include binder chemistry, particularly
for new, energetic binders

4. Inclusion of new reaction mechanisms to treat new classes of nitramines
(e.g., caged nitramines)

5. Elucidation and inclusion of elementary reaction steps to treat the initial
condensed phase propellant melting and decomposition, vaporization,
and flame formation processes

6. Reduction (lumping) of the validated set of reaction species and reactions to
a small, yet mechanistically valid set for use in more global models

7. Extension of these reaction mechanisms for different time scales including
the deflagration to detonation transition (DDT)
Extension of these reaction mechanisms to treat diffusion flames
Extension of current one dimensional models to include two and three
dimensional effects

1.2 Study Group Overview
1.2 |dentity and Purpose

Recent and anticipated advances in the theoretical and experimental tools which can be
applied to a complex physicochemical problem such as nitramine ignition and combustion offer
great promise. However, the power of these new techniques demands that a careful, general pian
of research be formulated and pursued. This is due to the highly interactive and interdependent
nature of modern muiti-disciplinary research efforts.

In order to review the current state-of-the-art in nitramine propellant ignition and
combustion research, to define the field's critical research challenges, and to design an overall
research plan which utilizes the power of current and anticipated advanced research tools, the
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Army Research Office assembled a small study group of experimental and theoretical research
scientists in late May and early June of 1988.

Study group members included M.H. Alexander, University of Maryland; P.J. Dagdigian,
Johns Hopkins University; M.E. Jacox, National Bureau of Standards (now the National Institute
of Standards and Technology (N!ST)); C.F. Melius, Sandia Livermore National Laboratory; M.D.
Smooke, Yale University; and W. Tsang, National Bureau of Standards (NIST). The study group
was chaired by H. Rabitz of Princeton University and C.E. Kolb of Aerodyne Research, Inc.
Expert briefings were provided by K.K. Kuo of Pennsylvania State University, R.A. Yeiter of
Princeton University, and R.A. Fifer and G.F. Adams of the U.S. Army Ballistic Research
Laboratory.

This paper presents the study group's assessment of our current understanding of the
basic physics and chemistry of nitramine propeilant ignition and combustion and outlines a
basic research program which we believe will generate the knowledge and understanding
necessary to allow systematic development of new energetic nitramine propellants.

1.2.2 Relation of Nitramine Propellant Combustion to Other Problems

It is important to recognize that nitramine propellant ignition and combustion are
examples of many complex physicochemical processes which have demanded the research
community's attention in recent years. Problems of similar compiexity, where muiticomponent
chemical kinetics are coupled to energy and mass transport, are now becoming regular fare.
Concerted programs combining theoretical modeling and analysis, directed molecular level
laboratcry experiments, basic theory, and difficult macroscale measurements have been
mounted with considerable success to address problems as diverse as stratospheric ozone
depletion,9:10 the scale-up of hydrogen and deuterium fluoride chemical lasers,11:12 the
optimization of silicon chemical and plasma vapor deposition reactors,?3:14 and the analysis of
hydrocarbon combustion systems and their concurrent pollution formation mechanisms.15,16

Experience gained and lessons learned in the performance of these programs should have a
clear impact on the research plan for a nitramine propellant ignition and combustion research

program.

1.23 Hierarchical Research Structure

Almost all practical problems in combustion are recognized to involve complex
interactions of chemistry with heat, mass, and radiation transport processes. Furthermore, the
chemistry controlling the combustion processes is often a melange of molecular structure and
molecular energetics issues, which control the thermochemical aspects of combustion; and
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molecular dynamics and chemical kinetic processes, which, in turn, strongly affect the rates of
ignition and combustion processes, and thus the rate of energy release.

The complex nature of combustion phenomena usually requires combustion scientists and
engineers to build and validate quantitative, macroscale models to allow the effective design and
scaling of combustion devices and related equipment. These macroscale models, in turn, require
the input of numerous molecular or microscale parameters such as: reaction rate constants and
mechanisms; enthaipies and entropies of vaporization, reaction and condensation; radiative
emission and absorption cross sections; and turbulent mixing parameters. Each of these
microscale input variables must be obtained from dedicated experiments and/or theoretical
models or estimates.

Any comprehensive combustion research program should be driven by an interplay of
macroscale model predictions and macroscale experiments which have been desighed and
analyzed by exercising the macroscale models. However, it is generally critical that key
uncertainties in lower scale mechanisms and input data be constantly evaluated and improved,
otherwise models may never faithfully represent reality. Figure 2 illustrates the hierarchical,
but strongly interconnected and interdependent, multilevel structure of research and
development activities necessary to tackle a complex combustion process like nitramine
propellant ignition and burning.

The research activities below the dashed line in Figure 2 are the focus of the balance of
this report. However, the interface between research and new propeliant design, development,
and testing activities represented by the dashed line is also critical. Without a strong tie to the
traditional propellant development community no research program can achieve a significant
impact.

1.24 Role of Sensitivity Analysis

During the past decade significant progress has been made in applying systematic
sensitivity analysis techniques to macroscale combustion models in order to quantify the extent
to which model output predictions depend on both macrosystem boundary conditions and
microscale input parameters. Such sensitivity analyses can be used to identify the microscale
mechanisms and input parameters most in need of better experimental and/or theoretical
quantification. Furthermore, it is now recognized that much of the theoretical modeling activity
used to predict microscale molecular structure and dynamics can also be assessed and improved
using demonstrated sensitivity analysis techniques. Finally, sensitivity analysis can be used to
design better experiments at both the macroscopic and molecular scales, and to aid in reducing
model parameter sets to produce tractable higher level models.

1-6
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Figure 2. A Schematic of the Desired Herarchical Structure of a Coordinated
Research and Development Program for Solid Propeliant Combustion Research.

Used in all these guises, it is clear that systematic application of sensitivity analysis can
provide a critical component of the interconnections illustrated by the arrows in Figure 2.
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1.25 New Tools and New Directions

The message this paper hopes to convey is straightforward: complex physicochemical
problems such as nitramine ignition and combustion are now amenable to systematic
exploration and elucidation. A closely coordinated plan involving hierarchical experimental and
theoretical activities can and should be developed to guide research on present and future
nitramine based propellants.

Driven by impressive and on-going advances in both computational machinery and
algorithms and experimental diagnostics, the advanced research tools needed to grapple with
complex problems such as nitramine combustion are available or can be developed. More
detailed discussions of the tools we now have, or are forging, can be found in Section 3
(Theory/Modeling) and Section 4 (Experiments/Diagnostics).

The studies made possible by this modern tool kit, properly coordinated and motivated by
comprehensive models and concomitant sensitivity analyses, are capable of providing the insight
and the technology base necessary for the design, testing, and implementation of optimized,

energetic propellants based on nitramine chemistry.
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2.0 FUNDAMENTAL CHEMISTRY AND PHYSICS OF NITRAMINE
IGNITION AND COMBUSTION

2.1 Exjsting Nitramine Combustion Models

Detailed chemical kinetics mechanisms of ignition and combustion are not well known for
any of the energetic propellants, although global chemical mechanisms exist for scme types of
propellants. For exampie, it has been established that the global chemical pathway for the
combustion of double-base propellants involves: nitrate ester - NO2 - NO - N2.2

For common nitramine propellants, even this globa! understanding was lacking until
recent detailed chemical kinetics modeling efforts.17-19 Previously, it was presumed that the

combustion process evolved through the formation of NoO and that CHoO played an important

role. A more definitive picture now exists due to models of RDX flames by Melius.17.18
Utilizing a thirty-one species model containing 137 reactions, he has been able to reproduce a
variety of experimental observations, including species profiles for a 0.05 MPa RDX flame as
well as its flame speed and pressure dependence.18

The success of this model is partially due to eariier extensive studies on NOy destruction

and formation in hydrocarbon flames by the combustion community. As a result, an extensive
data base of kinetic rate expressions now exists for the thermal procésses which are directly
pertinent to the RDX decomposition flame. The utility of these data in understanding nitramine
combustion is a striking demonstration of the power of the generic approach to the solution of
such problems. That is, properly determined and evaluated elementary rate expressions can be
ported into descriptive kinetic models to successfully describe a wide variety of combustion and
related reactive processes.

The partial success of Melius' ambitious initial (and necessarily still incomplete) models
illustrate the utility of fundamental approaches to studying nitramine decomposition. In the
past there have been many engineering models of the RDX decomposition flame which contain
extremely simplified chemical mechanisms which were derived essentially as parameter fits.
For some applications such "data fits" are all that is needed, however, the range of applicability
of such models is always uncertain. With a correct fundamental kinetic model one should be able
to replicate the full range of phenomena where chemistry is an important factor. These include
the effect of binders, thermal stability and ignitability. After having achieved a comprehensive
detailed chemical kinetic model, one can then reduce the number of equations by lumping the
dependent variables to create useful engineering models.

2-1
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22 Current Understianding of lgnition and Flame Chemistry

In recent years there have been several very complete reviews on nitramine
decomposition.3 Many of the most sophisticated modem techniques have been used to determine
the nature of the reaction products and complete lists of reaction products have been compiled.2
it is clear from even the most cursory analysis that nitramine decomposition involves unique
features that are not observed in more familiar hydrocarbon decomposition systems. The
unraveling of this "new chemistry” represents a major intellectual challenge in the study of
such systems. From a practical viewpoint any "correct” model must be able to account for these
nbservations.

Unfortunately, many earlier studies were flawed by a lack of the sensitive diagnostics
available to more current workers; thus, many of the species that must have been present were
not detected. Furthermore, the importance of isolating initial steps for careful study was not
realized; nevertheless, important mechanistic features were uncovered.

For example, the isotopic labeling work of Suryanarayana et al.5 on RDX and HMX have
established that the decomposition products N2 and N2O consist of one N from the ring and the

other from the nitro group. The nitrogen in HCN is exclusively from the ring, while that in NO
is from the nitro group. These set important constraints on the nature of the reaction pathways,

suggesting that the possible depolymerization product, HoC=NNOj, undergoes molecular
decomposition to form formaldehyde and N2O. Unfortunately, theoretical thermochemical

investigations by Melius and Binkley have not been able to identify a likely reaction pathway.20
As a result, Melius was forced to propose a more complex reaction pathway involving the
original ring structure.17.18

In the past two years, increasingly powerful combustion probes and greater sophistication
in their application have led to a number of extremely interesting observations bearing on the
initial steps in RDX decomposition. Obviously, knowledge of these decomposition pathways is of
prime importance in any detailed chemical model. Lee and co-workers have demonstrated from
the analysis of products arising from the infrared multiphoton decomposition of RDX in
molecular beam experiments that concerted reaction to form HoC = NNO2 is the predominant
decomposition pathway.21

Lloyd et al. have determined a rate expression for the breaking of the N-NO2 bond from the

static pyrolysis of dimethylnitramine.22 Their data together with the earlier data of
Flournoy23 now satisfactorily span the temperature range of 460-960 K. Even more
impressive is the very good concordance between their rate expression and that derived by
Robertson on the decomposition of RDX in trinitrotoluene (TNT) solution carried out over 40
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years ago.24 This suggests that even in the very polar medium of TNT the RDX decomposition
mechanism remains unchanged; this has important implications about RDX decomposition
mechanisms in the condensed phase. Unfortunately, a major discrepancy remains between their
bond breaking mechanism and the mechanism favored to explain Lee's molecular beam
observations. Moreover, Laser Powered Homogeneous Pyrolysisz“a studies provide evidence
for a nitro-nitrite rearrangement in competition with bond breaking. This is in seeming
disagreement with the results of Lloyd22 and has not been observed in molecular beam
experiments. The resolution of such problems must be an important task of any research
program on nitramine decomposition.

We have noted the successful modeling effort of Melius on the RDX decomposition flame
based largely on the set of thermal rate data gained from siudies of NOy formation and
destruction in high temperature combustion systems. There is also a rich store of lower
temperature kinetic data on the NO, chemistry of pertinence to stratospheric and tropospheric

poliution. Such data must, of course, be extrapolated to the high temperatures of interest for
the present application. in a similar fashion, interest in hydrocarbon combustion has led to the
development of an extensive chemical kinetic data base of the elementary reactions of the
pertinent processes. Much of this data is directly applicable to the proper description of binder
combustion.

Thus, there is a large volume of kinetic data that can be used to further our understanding
of many aspects of nitramine decomposition. Nevertheless, there remains a need for data bearing
directly on the nitramines and their immediate decomposition products. Advances in theoretical
chemistry provide an important tool for filling some of these gaps. It is clear that for small
and intermediate sized compounds satisfactory predictions can be made with respect to the
thermodynamic properties of reaction intermediates. There are also indications that transition
state structures and energies can be calculated with considerable accuracy. The recent
theoretical paper by Melius and Binkley on nitramines and their decomposition products
represent an important contribution in this area.20 Combining this with the group additivity
(to extend coverage to the large molecules of interest) and thermo-kinetic concepts of Benson67
should provide a powerful methodology for setting limits to the possible range of rate constants
and, in selected cases, making satisfactory predictions.

To sum up, there is at present a wealth of empirical observations from the older
literature. These are difficult to interpret because of insufficient attention to systematic
variations in reaction conditions necessary to unravel reaction mechanisms. New data from
more direct studies, using modern diagnostics that permit more direct interpretation are
beginning to appear. This has led to an important controversy on the nature of the initiating
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process for RDX. For many of the other processes, fundamental information developed for the
modeling of high temperature NOy reactions as well as stratospheric and tropospheric pollution

and new developments in the proper use of theoretical chemistry can and have been successfully
used to reproduce certain aspects of RDX combustion. We now have a basis for establishing
plausible mechanisms and providing a listing of compounds whose reactions must be considered
in the modeling of RDX combustion.

These techniques still, however, must be extended 1o nitramines more complicated than the
relatively simple RDX molecule. The theoretical and experimental methods available to

accomplish this task are discussed in Sections 3 and 4, respectively.

Recent models of nitramine combustion have emphasized the importance of gas phase
chemistry.17-18  The work has paralleled the traditional approach used by combustion
scientists in the study of hydrocarbon flames. In particular, two related models have been
employed. In the first model the temporal behavior of the ignition of gaseous RDX was studied by
solving time-dependent, coupled initial value problems for the temperature and the species
mass fractions.17 In the second case, one-dimensional premixed flame models were utilized to
determine both the flame speed and the temperature and species mass fraction profiles as a
function of the distance above the propellant surface.18 As many as 50 chemical species with
over 200 elementary reactions were included in these studies. This work clearly illustrated
the importance of the choice of the transport and chemistry approximations in the prediction of
the coupled effects of heat and mass transfer with chemical reactions in nitramine combustion.

The flame models employed by Melius balanced convective and diffusive transport with
chemical production.’7:18 |n particular, the diffusion velocity of the ki species was modeled
by assuming a Fickian relationship and a Curtiss-Hirschfeider approximation. The binary
diffusion coefficients were computed from kinetic theory expressions. The thermal conductivity
in the model was formulated by considering transiational, vibrational and rotational effects. Of
critical importance to these approximations was the choice of the Stockmayer potential
parameters. For example, well depths, average collision radii, dipole moments, polarizabilities
and rotationai relaxation collision numbers for each species were needed. In some cases these
quantities were estimated.

The models also required thermochemical data for the evaluation of heat capacities and
enthalpies of the individual species. The reaction mechanism in the combustion of nitramine
was modeled as proceeding through a multistep sequence of elementary reversible reactions.
The intermediate species in such mechanisms are of extreme importance. They are involved in

~ the chain initiation, chain propagation, chain inhibition and chain breaking reactions that
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describe the oxidation of a given fuel. From Melius' work it is clear that the choice of the
pre-exponential factors, the temperature exponents and the activation energies are all of
critical importance in gas phase propellant modeling.

The governing conservation equations were solved by a combination of time-integration
and Newton's method. Because of the Arrhenius reaction rate terms, the equations were highly
nonlinear; and a sufficiently "good” starting estimate from which Newton's method would
converge was, in general, not available. Therefore, a transient solution was followed until it
was in the convergence domain of Newton's method. However, because of the high gradients in
both the primary and secondary flame zones, the initial computational mesh that was used in the
calculation was not sufficiently refined in these regions. Hence, the mesh was adaptively
determined. The combination of time integration, Newton's method and adaptive mesh
refinement results in an extremely powerful technique by which to study nitramine
decomposition.

The ignition and flame modeling techniques currently being used to study nitramine
systems are standard methods capable of adequate representation of simple time dependent or
one-dimensional flame behavior. In order to adequately represent the full range of chemical and
physical processes represented in Figure 1, more sophisticated models of higher dimensionality
will be required. The road to these models is discussed in Section 3.




3.0 RESEARCH DIRECTIONS FOR IMPROVED MODELS AND

SUPPORTING THEORY
3.1 Extension of Chemistry Models

An essential ingredient in the quantitative description of any complex chemical phenomana
is an evaluated chemical kinetic data base. This is the set of "best available" rate expressions
for the reactions of all the species that are of importance in describing the chemistry of the
process.  Although such a data base does not now exist for any aspect of nitramine
decomposition, they have been developed for stratospheric and combustion chemistry.25 The
basic approach is therefore well established and is described below.

It is important to realize that for any complex chemical process, the number of
elementary reactions always exceeds the number of observables that can be measured to validate
the model. It is therefore often possible to fit a particular set of data if one treats the chemical
kinetic parameters arbitrarily. This may be satisfactory as a testing procedure for real devices
or prototypes, but it clearly has no predictive value and is completely unsatisfactory for the
scaling of laboratory results to the field situation. Thus, correct rate constants must be used and
all possible reactions considered. Leaving out a reaction is equivalent to the assignment of a zero
rate constant, just as omission of a species assumes that its concentration is zero at all times.
On the other hand, one cannot simply include species and reactions in an arbitrary manner since
the already large data base will become so enormous that it will prevent proper evaluation and
validation.

Figure 3 contains a recommended listing of the reactants that should be considered in any
chemical kinetic data base for RDX decomposition. RDX is used here as an example, but similar
listings can be drawn up for other nitramines. The generic nature of this approach means that
there will be a great deal of overlap.

The layout of the species list is based on a conceptual mechanism which is consistent with
an analysis of the existing knowledge, as discussed in Section 2. Summarizing briefly, it

involves initial decomposition of RDX either by N-NO2 bond fission or by concerted

depolymerization. For the former this will result in the formation of a nitrogen centered free
radical. At sufficiently high temperatures successive beta bond fission will lead to the

formation of two HoCNNO2 molecules and one HoCN radical.

Note that under certain circumstances the current controversy on the initial reaction
pathways is immaterial, since each will lead largely to the same reaction products. However, if
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beta bond cleavage is sufficiently slow, then the nitrogen centered RDX radical can abstract a
hydrogen atom, add to NO to form the nitroso compound, or react with NO2 to form the nitrite,

which will rapidly decompose to form the nitroxide.

HCO-, H,, HNCO, NCO-, O, NOs» CO

|

He, HNO, H,0 , HCNO, HNO;, N,0, CN-

I

H,CNNO, NO,, H,CN+, HNO, NO, H,CNH, HCN, OH:

[ T S

SNSRI TN

ONN__N
2NN NNOz ONN__N- ONN__NNO ONN_NH  ONN__NO® ONN__N

Figure 3. Conceptual Mechanisms for RDX Decomposition and Combustion

Of course, once reactive free radicals are present in the system, hydrogen atoms can be
abstracted from the carbon in RDX. Since the N-NO2 bond beta to the radical site has virtually

no bond energy it can immediately form the ringed imine structure. One can proceed in this
fashion and obtain 16 ringed structures with increasingly higher degrees of unsaturation.
However, we do not feel the need at this stage to consider all the possibilities, since ring
breaking will be occurring in parallel with these processes and there will be, with time,
smaller numbers of ring structures to destroy. A similar rationale leads to the inclusion of the
smaller species.

in general, the higher the compound is in the listing in Figure 3, the later its stage of
formation in the combustion process. It is encouraging that our analysis of the data leads to
virtually the same type of species as selected independently by Melius.!7:18 This is an




indication that the existing data limit us to a fixed set of possible mechanisms. We emphasize
that nothing precludes us from expanding this set of molecules or, for that matter, eliminating
compounds to be considered. For instance, the addition of hydrocarbons will bring binder
chemistry into the picture. (Note that many of the elementary reactions pertinent to binder
combustion have already been evaluated in the course of the development of the hydrocarbon data
base.25) In a similar tashion we can cover formulations for other propellants by the addition
of appropriate species. This will always require the addition of a smaller reaction set, since
many of the reactions are already included.

Having decided on the species to be included, it is necessary to evaluate all possible
elementary thermal reactions among the species, as well as all unimolecular processes. For
this purpose a reaction grid is a very useful bookkeeping device. An example, for RDX, is shown
in Figure 4. Such a procedure guarantees that no possible reaction will be neglecied. Formally
there are 390 interactions to be considered. There are, however, many processes that need not
be considered in detail, since their potential products are either thermochemically or
mechanistically improbable. Thus, a cursory inspection suggests that the actual data base for
this application will involve about 200 interactions. It will be noted that Figure 4 first
contains a listing of molecules involving the reactions of formaldehyde and its decomposition
products. This data sub-set has already been evaluated in the context of work on hydrocarbon
combustion.25 This illustrates once again the advantages of a generic approach. The second and
fourth groups consist of reactions that are of importance in NOy formation and destruction,

many of which have been addressed experimentally. These reactions form a major basis of
Melius' modeling efforts;17.18 nevertheless, relatively few of these measurements have been
properly evaluated. The third group of interactions represents the true challenge in nitramine
chemistry, since very few of the processes that are listed have been measured and their rate
parameters must be estimated for current modeling efforts. These reactions are of key
importance in the initial states of nitramine decomposition and therefore impinge on the whole
range of phenomena associated with ignition and sensitivity. They should prove to be a severe
test of our ability to make kinetic rate parameter estimates.

3.2 improvement of Kinetic Rate Parameters
3.21 Measured and Evaluated Rate Data

Past work on the development of the stratospheric and combustion data bases have
established basic procedures for evaluating, extrapolating and estimating chemical kinetic data.
They involve a critical examination of all the pertinent experimental work. First preference is
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given to measurements where there are no mechanistic uncertainties. Frequently, this is from
direct determinations of the rate of disappearance and appearance of reactants and intermediates
in real time.

There is, however, no substitute for good experimental design. Indeed, it has been found
that in more complex situations where careful and complete final product analyses are carried
out very reliable results can be obtained. In many cases these may not be individual rate
constants, but accurate ratios of rate constants. From data of this type it is still possible to
generate an accurate network of rate constants in the absence of direct measurements.

As the data base expands it is possible to derive from these networks increasingly more
accurate new values. In the absence of kinetic data, thermodynamic considerations in the form
of detailed balance are used. In other cases, rate constants are assigned on the basis of analogy
or thermokinetic information. In all cases it is necessary to assign an uncertainty limit;
furthermore, it should be realized that this is a subjective number. To a considerable extent it
is based on the evaluator's judgement and past experience, as data sets are intercompared with
considerations imposed by reaction mechanisms and constraints imposed by thermodynamics and
reaction rate theory kept in mind. Practically, this means that the user should feel free to
adjust the rate constant in his model within the evaluated limits.

in the past, rate theory was used in data evaluations purely as a method of extrapolation.
For metathesis reactions involving H atoms the bond-energy bond order (BEBO) method of
Johnston26 was used to derive transition state structure or, alternatively, the curvature of the
Arrhenius plots for these reactions. In general, these lead to a temperature dependent A-factor
in the T2 to T4 range, where the smaller values are characteristic of atoms and larger values of
polyatomics; this is fully consonant with thermokinetic considerations. For nitramines, the
theoretical approach of Melius and Binkley presents the evaluator with a powerful new tool.20
This should be employed in any data evaluation or prediction activity.

Unimolecular reactions in the broadest sense, including not only decompositions or
isomerizations but ailso combination and chemical activation processes, are rendered more
complex than metathesis reactions by their dependence not only on temperature but also on the
nature and pressure of the bath gas. There is a fully developed calculational method, the RRKM
procedure, which provides a framework for projecting data over all relevant pressure and
temperature ranges.27 The inputs to this type of calculation are the high pressure rate
expression for unimolecular decomposition and the average step size down. The general
technique has been applied to a large number of such reactions in the course of the development
of the hydrocarbon combustion data base and has proved to be extremely satisfactory in tying




together data obtained under a wide variety of conditions.

For bond breaking reactions, the high pressure activation energy is the bond energy and is
thus related to the heat of formation of the organic radical fragments. In the present application
the thermodynamic properties calculated by Melius and Binkley20 can substitute for the more
direct determinations that have been used in the past. Similarly, for complex fragmentation,
the theoretical calculations offer a means of estimating high pressure rate expressions in the
absence of direci data.

Implicit in all the above is the assumption that thermal rate constants are the appropriate
values to use in the modeling of ritramine decomposition processes. This assumes that the
reacting molecules are in a Boltzmann distribution. For the pressures at which nitramine
decompositions are usually carried out this must be the case, evcept for unimolecular
decomposition processes at very high temperatures. Here the depletion of the upper levels by
decompositicn is taken care of by the RRKM calculational procedure.

More serious is our assumption that a siandard gas kinetic treatment is adequate. There
are two scenarios that must be considered: a) the possibility of condensed phase reactions
mediating solid propellant decomposition and vaporization, and b) condensed phase behavior at
the high fluid pressures that are generated in gun barrels. For example, more recent efforts by
Melius have drawn attention to the occurrence of substantial decomposition in the condensed

phase (particularly for HMX) and to the intermediacy of NoO in the decomposition. Under these
conditions he has suggested that an H,O catalyzed N2O elimination from methylene nitramine

could, in the condensed phase, alleviate the problem of forming NoO through a highly strained

four membered ring. This reaction could be viewed as a sequence of two concerted reactions, or
as an acid catalyzed process. All of these possibilities can be subject to experimental tests. On
the other hand, for applications such as flame speed modeling condensed phase reactions simply
alter the boundary conditions for vapor phase modeling.

The role of theoretical chemistry in the evaluation of chemical kinetic data will be
discussed further in the following subsection. The importance of a reliable theoreticai
foundation for rate data evaluation is underlined by the many references to the work of Melius
and Binkley.20 While this approach is satisfactory for most therr..odynamic properties, there
is less certainty for transition states. Validation and extension of the procedure in such cases
would be extremely valuable. In the area of molecular dynamics, the proper treatment of
tunneling is key to the extrapolation of low temperature data to nitramine decomposition
situations. The present methodology for treatment of such systems is basically by analogy and is
therefore unsatisfactory.

It is important to realize that the evaluation data base produced in this manner provides at
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best a snapshot of the present state of experimental and theoretical understanding of the issues
in question. There is no substitute for adequate state-of-the-art experimental and theoretical
work. Evaluated rate data do, however, serve as a focus for further basic research efforts.

it is essential that all simulations must be based on the same data base. Through the
utilization of appropriate sensitivity analysis techniques this will lead to the determination of
the key controlling reactions of pertinence to any particular application. This combination of
evaluated rate data and model sensitivity analysis will encourage experimentalists to take a
closer look at the rate constants for such processes and any errors in our evaluation will be
immediately revealed. Thus, through iteration an optimum chemical data base wili be
established.

We conclude with a number of critical issues that impinge on our proposed mechanisms.
First, a large portion of our mechanistic deductions are based on the results of Suryanarayana et
al.5 The nature of any postulated mechanism will be drastically changed if these resuits are
incorrect or not applicable. A confirmatory study is therefore badly needed. We have
previously outlined the present controversy on the initial processes during RDX decomposition
(Section 2.2). This has very important consequences in the development of the reaction
mechanism. Thus if depolymerization is the main initial step, the number of ring compounds
that we should consider in our mechanism may be reduced. Furthermore, Melius' mechanism is

unable to account theoretically for the reaction HoC=NNO5 — HoCO + NoO; thus, the reduction

of many of the ring intermediates will make it very difficult for him to account for the results
of 14N and 15N labeling experiments. Note also, that the calculations of Melius and Binkley
(Section 3.2.2) seem to rule out the depolymerization mechanism on thermodynamic grounds.
Thus, if the published interpretation of the molecular beam experiments is correct, these
calculations may have significant errors. HoCN and HNO are clearly important reaction
intermediates and we have virtually no experimental rate data on their stability and reactivity.
Obviously, some careful experiments will lead to much greater confidence in any estimates. In a

similar fashion, the presence of HoCN will lead inevitably to HoCNH formation. An important

issue will then be the mechanism and rate constants for HoCNH destruction.

3.22 Emerqging Role of Theoretical Chemistry

Present day theoretical techniques can provide a powerful complement to experiment in
unravelling the fundamental chemistry which occurs during decomposition and defiagration of
nitramine based propellants. Theory is a full partner with experiment in unravelling the
fundamental chemical mechanisms of flames. For example, theory can play an important role in
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the interpretation of spectroscopic flame diagnostics,28,29 in expanding the necessary
thermochemistry data base to species which may be experimentally intractable,20 and in
providing the framework for the extension of kinetic data to the high temperature, high
pressure conditions which characterize exploding propellants. We discuss each of these areas in
more detail below.

Currently operational ab initio techniques30:31 can now accurately describe the ground
and low-lying excited potential energy surfaces of the small polyatomic systems containing first
row atoms which play a key role in both the primary and secondary flame zones in nitramine
systems. For closed shell systems, which can be well represented by a single reference
electronic configuration, self-consistent-field (SCF) - configuration interaction (Cl)
techniques can yield accurate energies and spectroscopic constants. For radicals and other
open-shell species, it is often necessary to use a multiconfiguration SCF (MCSCF),32-35 g
complete active space SCF (CASSCF),36 or a muitireference configuration-interaction
(MCSCF-C1)30,31 description. A multireference capability also allows one to accurately treat
excited as well as ground states of a particular symmetry, even when the underlying state of the
isolated molecule cannot be well described by a single reference electronic configuration.

With analytic derivative capability, a single calculation can provide not only a point on a
potential energy surface but also the gradient and second derivatives of the energy. This is
extremely useful in obtaining spectroscopic parameters and locating transition states for
reactions. Although large basis set CASSCF and especially MCSCF-CI calculations are expensive,
particularly when a large number of reference configurations is required to accurately describe
the electronic states in question, they can now be used selectively to obtain information on
species which play a particularly important role. This was not possible even a few years ago.

One example is in the area of flame diagnostics. Suppose a transient radical has been
identified as a possibly crucial intermediate. An example might be the methylene amidogen

radical, HoCN, which is believed to play an important role in nitramine decomposition. Before

searching for this, or another, transient radical it is necessary to locate an electronic state
which will either fluoresce [for laser induced fluorescence, (LIF)] or can be subsequently
ionized [for resonance enhanced muitiphoton ionization, (REMPI)]. In addition, one must
determine the oscillator strength of the transition in question to convert spectral intensities to
populations. Ab initio calculations can help in both of these problems. To calculate dipole
oscillator strengths it is necessary to employ the same orbital basis for both the ground and
excited electronic states. Suitable orbitals for this purpose can be obtained from
state-averaged35,37.38 MCSCF, CASSCF, or MCSCF-CI calculations.

Another use of ab initio calculations is in the determination of the heats of formation of the
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many unstable radicais, both large and small, which play a role in nitramine flames. If a rate
constant for a particular reéction can be experimentally determined in one direction, but not in
the other, the desired reverse rate constant can be determined if the heats of formation of both
reactants and products are known. Over the past several years Melius has developed31 a
systematic procedure to calculate accurate heats of formation from SCF-CI calculations.20
With the availability of more accurate MCSCF-CI techniques it will now be possible to improve
this data base, for cases in which the bond additivity correction of Melius can not be applied
with confidence.

Reactions are governed not only by thermochemistry, but also by the topology of the
potential energy surfaces which lead from reactants to products. Transition state theory
provides a means to predict the magnitude and temperature dependence of reaction rates from a
knowledge of the energetics and the geometries of the one (or more) transition states which
separate reactants from products. At a more sophisticated level, classical trajectory
calculations or more complete semi-classical methods, supplemented by sensitivity analysis,
can reveal how regions of the potential energy surface other than the transition state can
influence rates of reaction.

The accurate location of transition states for a particular reaction may allow us to
estimate product branching ratios when these are inaccessible experimentally and,
furthermore, can provide a necessary check on experimentally determined activation energies.
Since bonds are being broken and formed at a transition state, to describe these well it is crucial
to use an ab initio technique which allows for the orbital distortion and changes in electron
occupancies which accompany bond formation and breaking. This can be done only using
multireference techniques. Analytic derivative techniques facilitate the location of transition
states.

For example, the BAC-MP4 method developed by Melius cannot treat the reaction
coordinate for the bond breaking of an energetic material to form NOo, its possible
recombination, or its rearrangement to form the nitrite. Yet these processes can be critical in
the early stages of nitramine ignition and combustion. Further theoretical work on these
classes of reactions must be pursued. Already, quantum chemists in the propellant community
are addressing these reactions using the newer MCSCF computer codes developed at the U.S.
Army Ballistics Research Laboratory and elsewhere. Examples of the use of MCSCF-CI
calculations in the determination of transition states for polyatomic molecules crucial in
nitramine decomposition is provided by the very recent work of Saxon and Yoshimine39 on the

nitro-nitrite rearrangement in NHoNOj5 and by the work of Mowrey and Page4° on the

decomposition of CHoNNO».
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In the case of radical-radical reactions, the open-shell character of both reactants implies
that the reaction can proceed over more than one potential surface. It is then even more
important to be able to characterize all these surfaces, or, at a simpler level, all the relevant
transition states. An illustration is given in Figure 5, which shows, schematically, some of the
potential surfaces of relevance in the reaction: OH + N - H + NO, which is thought to be one
of the most important reactions in NO formation in methane/air as well as other hydrocarbon
doped flames. Exploratory model studies of Melius using sensitivity analysis have identified
this reaction as being extremely important in the secondary flame zone in RDX combustion.!8
Spin coupling implies that the forward reactant can take place only on potential surfaces of
triplet or quintet multiplicity.41.42 There are two triplet surfaces which connect reactants
and products, only one of which corresponds 1o the lowest (3A") states of the HNO and HON
radicals. |f total spin is conserved, then the quintet surfaces will be nonreactive; however,
spin-orbit coupling can lead to reaction over the singlet surfaces which lead to the H + NO
products, particularly if the singlet and triplet potential surfaces cross.

E {kcalimol)
160 -r
Sa- Sa
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O(3F) » NH(35)
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3A‘ N(‘S) . OH(zm

HNO ('A")

Figure 5. Schematic Diagram of the Lowest Potential Surfaces for the Reaction:

N+ OH & H+ NO. The Energies have been taken from the MP4-BAC calculations of
Melius. The Heights of the Transition States are only Approximate. Note the Crossing
Between the Lowest Singlet and Triplet Surfaces.

Since, as seen in Figure 5, the topology of radical-radical reactions is so complex, for
even the simple N + OH reaction, the use of simple transition state theory to extrapolate
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experimental kinetic data for radical-radical reactions may lead to substantial error. What is
needed are more sophisticated treatments of the collision dynamics for these systems which we
hope will allow us to build models which can then be used in more global flame simulation
studies.

One crucial question is how the initial reactive flux is partitioned between the various
potential surfaces which separate from one another as the reactants approach. Simplistic
models assume that this flux branching is purely statistical.43 More accurate treatments must
involve a careful consideration of the nonadiabatic coupling which occurs as the system passes
from the asymptotic basis (in which the states correspond to products of the separated molecule
wave functions) onto the various molecular surfaces. This will involve both the ab initio
calculation of nonadiabatic coupling matrix elements (NACME's)44-47 followed by the
development of a simplified but accurate treatment of the dynamics at long range, where the flux
branching will occur.

It is only recently that ab initio techniques have been developed to allow the calculation of
the relevant NACME's.44-47 Similarly, although there have been many studies of coliisions
between open-shell atomic species,48-58 the corresponding full quantum formalism has not
been successfully developed for collisions involving molecular radicals, particularly when
reactive channels occur.

A similar, but equally important, problem involves the development of models to predict
the rates of thermal decomposition processes which take place by spin-forbidden processes. An
example might be the decomposition of HNCO:

HNCO (1A) > NH(X3z)+CO(X1z4) ,

a reaction of considerable importance in the primary flame zone in nitramine flames. To treat
this problem one must first be able to calculate spin-orbit coupling matrix elements for small
polyatomic species.59-61 Recent developments in quantum chemistry codes now provide this
capability. Then one must be able to extend conventional RRKM theories62.:63 of unimolecular
decomposition to the situation where the transition state arises from a crossing between two
surfaces of different multiplicity. It will be important not only to carry out detailed
calculations of decomposition rates for exemplary systems, such as the HNCO molecule, but also
to develop parameterized models which can then be used both to predict decomposition rates for
other, more complex molecules as well as to provide a mechanism for extrapolating laboratory
experimental data.

Sensitivity analysis can also play an important role in theoretical reaction rate studies in
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saveral different ways. First, sensitivity analysis could be used to identify orbital structure or
electron density regions of significance for dynamical or kinetic rates. This information could
be used as feedback to improve electronic structure caiculations. In a similar way, sensitivities
could be calculated with respect to the location of points on a potential surface. Second, since
transition state theory will likely be used to extract rate constants, a basic question arises as 10
why such an approach is only sensitive to the transition state region while in fact a full
scattering or classical trajectory treatment will produce sensitivities over a broad region of the
surface.

One final important role to be played by theory is in the development of models to
understand how kinetic data obtained at atmospheric pressures can be extended to the extreme
high pressure regimes which occur during propellant combustion. Particularly relevant will
be the determination of how multiple collisions affect equilibrium constants, product branching
ratios, and rate constants. Also necessary will be the investigation of how extreme pressures
affect the excited state lifetimes, frequencies, and oscillator strengths of molecules which can be
used in spectroscopic combustion diagnostics.

In summary, we believe that a more thorough computational effort should be undertaken
using the state-of-the-art techniques mentioned above to describe both the relevant potential
energy surfaces and the dynamics of the relevant reaction pathways for the following key and/or
prototypical reactions:

H+NO, H+NOp, HNO+HNO, HyCN+ NO,

As we have seen, theory has just now been developed to the point where major
contributions can be made to expanding the existing molecular data base relevant to nitramine
combustion. With appropriate support computational chemistry can continue to play an
ever-expanding role. This will be enhanced as supercomputer technology continues to improve
and becomes more widely accessible. As mentioned above, accurate caliculations can now be
carried out only on relatively small molecules. The advent of massively parallel computer
architecture will allow us to address larger systems. Along with an increased effort in
computational chemistry it is essential o continue to support work in basic theory, both in
quantum chemistry and molecular dynamics. Only with this type of research can we develop the
new models for nonequilibrium flame chemistry at extreme temperature and pressure.

3.23 Validation of Chemical Reaction Mechanisms

Detailed chemical kinetics models containing hundreds of reaction steps can provide
tremendous predictive capability. However, they are always limited by the completeness of the
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reaction mechanisms and the accuracy of the rate constants. It is necessary to test the validity
of the reaction mechanisms in the model, since some of the rate constants are likely to be
incorrect or important reaction mechanisms may be omitted.

Key validation data can be obtained from flames, flow reactors, strand burners, shock
tubes, and even static reactors. A more thorough discussion of appropriate experiments
designed to yield model validation data will be presented in Section 4. Here it is only important
to note that all serious models must reproduce relevant experimental measurements.

3.3 Improvement of Energy and Mass Transport Modeis
The accurate prediction of the transport properties (both diffusion and heat transfer) of

the major and minor combustion species is crucial to our ability to model flames. All existing
flame models make use of transport collision integralsé4 computed for spherical systems
described by purely repulsive or Lennard-Jones 6-n or Stockmayer potentials. In nitramine
flames, many of the major species (for example, H>O, OH) are strongly polar and nonspherical.

it is not yet fully known to what extent the diffusion or heat transfer cross sections will be
affected by strong potentiali anisotropies or by the long-range dipole-dipole potential, which
varies as R —3 instead of R —6 in the case of neutral atom interactions or R =4 in the case of
ion-spherical atom interations.65

Since the rate of deflagration of a propellant is extremely sensitive to the rate of heat
transfer to the surface from the high temperature flame zone, it is essential that the transport
integrals used in flame modeling be as accurate as possible. With the computational resources
presently available and with the accessibility of sophisticated codes to describe collisions
between polar molecules,b6 theorists are now in a position to calculate collision integrals with
realistic potentials.

3.4 |mprovements in Thermochemical Data

In the previous sections of this paper we have highlighted the use of thermochemical data
for a number of applications. It should be emphasized that thermodynamics represents the
essential supporting structure for the simulation of any chemically reacting system. Aside
from direct application, such as the determination of thrust, thermodynamics set the boundary
conditions for any kinetic system. In certain situations a number of the reacting compounds
may be in local thermal equilibrium leading to drastic simplifications of reaction pathways.
Within the context of the kinetic processes, we note that detailed balancing (forward rate
constantbackward rate constant = equilibrium constant) must be satisfied at all times. Indeed,
as mentioned earlier it is frequently used to calculate the rate constant in one direction when
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that in the opposite direction is known.

Furthermore, much of our predictive capability in chemical kinetics is based on the use of
thermodynamic properties and concepts as basic inputs. It is not accidental that the well known
text on this subject by S.W. Benson is entitled "Thermochemical Kinetics."87 For quantitative
purposes particularly severe requirements are placed on the heats of formation of the species to
be considered in any modeling effort. For example, at 500 K an uncertainty in the heat of
formation of a radical species of 2.3 kcal/mol will fead to an uncertainty of a factor of 10 for
the rate constant of a bond breaking process that leads to the formation of that radical.

For propellant decomposition, Figure 3, which applies specifically to RDX decomposition,
is illustrative of the general classes of compounds to be considered. They can be divided into two
broad categories. First there are the smaller species, many of which are of importance in NOy

formation, whose thermal properties are tabulated in the JANNAF Thermochemical Tables.68
Much less satisfactory is the situation for propellants and many of their immediate
decomposition products. In the case of RDX, the recommended value given in Pedley et al89is
15.9 kcal/mol and is based on measurements carried out in 1942. A subsequent
measurement’0 in 1956 derived a value of 12.9 kcal/mol. Certainly it should be possible to
reduce this discrepancy. We suspect that for many other nitramines, particularly of the caged
variety, the uncertainty may be larger.

In the prediction, assessment and extrapolation of kinetic data involving any given
propeliant discrepancies can be expected to propagate throughout the system. It will also have a
direct effect on the thermodynamic properties of radicals derived directly from RDX. For
example, the work of Lloyd and co-workers2 have established the energy of a nitramine bond at
45 kcal/mol. On this basis the heat of formation of the hexahydro-3,5-s-triazyl radical is
simply - 45 + H{(RDX) - Hi{NO2) and error in the heat of formation of RDX will be directly

reflected in that of the radical. Thus, there is a direct need for the accurate determination of the
thermodynamic properties of propellant molecules. This should include both the enthalpy of
formation and entropies. The longer range aim should be to develop a scheme for the prediction
of the thermodynamic properties of the entire range of possible compounds. This will have to be
based on an experimental and theoretical molecular mechanics program.

We next consider smaller molecular fragments. Typical species among the nitramines are
H2CN, HoCNH, HoCNNOo and some of the larger cyclic compounds in Figure 1. For the smaller

compounds the work of Melius and Binkley20 is of prime importance since it leads to direct
prediction of thermodynamic properties. Nevertheless, experimental verifications,
particularly a better estimate of the error limits, would be extremely useful.

Ironically, it is probably the radicals that are most amenable to direct studies since

314




experiments on the bond breaking reactions of a stable molecule with known thermochemistry
can yield an activation energy which is directly relatable to the heat of formation of the radical
in question. Experimental determination of the thermodynamic properties, particularly the
heats of formation of unstable compounds such as HoCNNO>, represents a research frontier.
Advances in the present context will have implications in many other areas. For larger species
the logical approach is to use group additivity. There is, however, considerable uncertainty
regarding group values for the nitramines. Here, the earlier recommendation regarding a
systematic experimental and theoretical effort on determining the thermodynamic properties of
a variety of propellants can be very useful.

3.5 Model Upgrades

The advent of high speed digital computers and the development of efficient computational
algorithms have been essential in the modeling of gas phase combustion systems. The procedure
used in the development of kinetic mechanisms for these flames provides a natural analog for the
development of corresponding mechanisms for solid propellants. Kinetic mechanisms for
hydrocarbon combustion, for example, have developed in a systematic way. Ignition studies in
combination with shock tube data, premixed flame models in combination with temperature,
species and flame speed measurements and counterflow models in combination with
temperature, species, velocity and extinction measurements have enabled combustion scientists
to refine their mechanisms to the point where they are applicable in a variety of physical
configurations.

The rationale behind such an approach is that ultimately the models can be applied in
realistic multidimensional systems in which there are complex fluid dynamic-
thermochemical-kinetic interactions. The use of multi-dimensional systems as a vehicle for
reaction mechanism development could produce an extremely inefficient research path.
Nevertheless, multidimensional models are important and must ultimately be considered in a
successful propellant modeling program.

Of primary importance is the fact that model development and associated experimental
validation experiments must proceed together in a parallel manner. One logical development
plan for key models and validating experiments is shown in Table 1. Further descriptions of the
various modeling levels shown in Table 1 are presented below.

The work of Melius paralleled the first two steps used in gas phase combustion programs -
zero-dimensional ignition!7 and one-dimensional premixed flame studies.18 The next natural
step that should be considered in the modeling of nitramine combustion is the analog of a
counterflow flame. While such flames are important in turbulent combustion models, they are
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also one of the simplest configurations in which nontrivia! fluid dynamical effects can be
coupled with a system's thermochemistry. In gas phase combustion studies counterflow flames
are produced using several different burners. In one case fuel is ejected through a porous

Table 1 - Suggested Macroscopic Model Development Hierarchy
and Validating Experiments

Eormulation Parametec Experiment(s)
Gas Phase Ignition 0-dimensional Kinetics Shock tube
Static reactor
Flow reactor
Premixed Flame 1-dimensional Kinetics, Strand burner,
boundary value Burning rate Flat flame burner
- problem
Counterflow 1-dimensional Extinction, Counterflow
Flame boundary value Fluid/thermo strand burner
problem coupling
Forced Ignition 1-dimensional Minimum Strand burner
parabotic ignition energy
Heterogeneous 2-dimensional Multidimensional Heterogeneous
Burn parabolic burning rate strand burner
Heterogeneous 2-dimensional Propellant Heterogeneous
Burn with Cross  parabolic instability strand burner
Flow with axial flow

cylinder into an on-coming stream of air. A thin flame sits above the surface of the cylinder. in
another configuration two counterflowing, coaxial, concentric jets eject fuel and/or oxidizer.
The result can be either a diffusion or a premixed flame. For solid propellants such a
configuration can be achieved by counterburning two propellant strands with a small separation
distance. Even though such a geometrical configuration is two-dimensional, an appropriate
similarity solution exists in which the two-dimensional model can be converted into a
one-dimensional problem along the stagnation point streamline. In this type of model the
equations of mass and momentum are coupled with the energy and species equations. Although

the final model is one-dimensional, nontrivial fluid dynamical effects can be included in the
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system so that extinction and the effects of stretch on both the primary and secondary flames can
be studied. In addition, by counterburning a propellant and a binder one can simulate a
counterflowing diffusion flame. Each of these configurations are feasible from both an
experimental and a computational viewpoint and should be studied in detail. Moreover, the
computational algorithms employed by Melius can be modified to enable the researcher to model
such systems.

While one-dimensional models are important, they cannot provide all of the information
that one needs in the evaluation of the performance of an energetic material. Multidimensional
effects must ultimately be investigated. In particular, the burning of a composite propeilant
both with and without cross flow requires a multidimensional model. Such models could provide
essential information on multidimensional burn rates and propellant stability. it is a common
balief that combustion instabilities in solid propellant propulsion systems owe their existence
to the interaction between fluid motion and combustion processes in a very thin region (of the
order of 100 microns) adjacent to the solid surface. The fundamental concept underlying this
belief is the recognition that energy will be fed into the acoustic mode when the fluctuating
burning velocity (expressed often in terms of the varying mass flux) has a component in phase
with the fluctuating pressure at the propellant surface. Its dependence on the fluctuating
pressure is usually characterized by an admittance function whose dependence on fluid motion is
not well understood. The central questions in a study of the velocity coupling effect on the
unsteady burning of a solid propeliant are:

1.  What is going on near the surface of the burning propellant?

2. How does an oscillatory velocity parallel to the surface induce a
fluctuating change in the burning rate and what is their relative
phase relationship?

The detailed modeling of this system requires the coupling of the gas and the solid-phase
solutions. As Culick points out, an accurate treatment of the gas-phase system is by far the
most complex part of the modeling process.”! In the solid phase the conservation of mass and
momentum follows trivially and one reduces the problem to the conservation of energy.
Although one can make a number of simplifying assumptions about the form of the transport
laws, the complexity of the chemistry, and the level of coupling between the fluid dynamical and
thermochemistry solution fields, it is our belief that detailed transport and multistep kinetics
must ultimately be included in a complete gas-phase model.

A natural starting point in modeling such systems is the observation that the burning of a
heterogeneous propellant has features that resemble both a premixed flame and a diffusion
flame.72 The burning rate in a diffusion flame is controlied by the rate at which the fuel and
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the oxidizer are brought together in stoichiometric proportion while in a premixed flame the
burning rate is controlled by chemicai reactions. Premixed flames can burn under lean,
stoichiometric and rich conditions. We anticipate that the gases emerging from the surface of
the propellant through pyrolysis will form a premixed fuel and oxidizer mixture with a
spatially dependent equivalence ratio. The mixture will range from very lean to very rich in
composition. Hence, a natural starting point in building a model that will predict the velocity
coupling effects in the unsteady burning of a heterogeneous propellant is to consider a model that
will predict the laminar burning velocity in a two-dimensional domain in which the incoming
gases (e.g., the gases emerging from the propellant surface through pyrolysis) have an
equivalence ratio that is spatially dependent. If the surface of the propellant is subjected to a
parallel shear flow, then one can also attempt to simulate the burning of the periodic
fuel-oxidizer structure of a heterogeneous propellant subjected to a tangential cross flow.

From a computational viewpoint, one-dimensional algorithms for solving the appropriate
conservation equations are well established. Multidimensional algorithms are in a much less
sophisticated state of development. Work is needed 1) in improving the efficiency of algorithms
that solve sparse nonlinear equations, 2) in developing multidimensional adaptive mesh
refinement algorithms, and 3) in deveioping parallel solution algorithms for the next
generation of muititasking supercomputers.

3.6 Model Reduction and Lumping

At the current time, the coupling of detailed transport and finite rate kinetics in a
multidimensional fluid dynamic-thermochemical propellant model are at the limit of
computational feasibility on existing serial or vector machines. While a few computational
studies could be performed with extensive computational resources, detailed parameter studies
are computationaly infeasible. Modifications to the detailed mode! are required. Rather than
start with a detailed description of the chemistry and transport, one can employ a reduced
kinetics/transport approach.

Most complex combustion systems involve large numbers of chemical species. These
species are related through a detailed kinetics mechanism invoiving many elementary chemical
reactions. Solution of the governing equations in such systems reduces to the solution of an
ordinary or partial differential equation for each species mass fraction. In some applications
the determination of the appropriate chemical reactions and their respective rate constants can
be a difficult task. It can be made simpler, however, by postulating a single global reaction for
the system. This can also be useful when the size of the system to be solved (for the computer
being used) results in a computationally infeasible problem. We realize, of course, that a
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global reaction mechanism does not provide detailed information on the system's minor species
- information that is often needed in assessing the detailed structure of a reacting system.
Determination of overall, global, reaction rates for flames has been investigated, for example,
by Levy and Weinberg,”3:74 Westbrook and Dryer’5 and Coffee, Kotlar, and Miller.76 in
pariicular, one can use the detailed chemisiry and the one-dimensional calculated temperature
profile to obtain a heat release profile as a function of the independent spatial coordinate.
Reaction rate parameters can then be obtained by a two parameter least squares fit to the data.
Although such "empirical” approaches to lumping can be useful, it is clear that more systematic
and rigorous techniques would be valuable. Such developments are discussed below.

The iterative research consisting of modeling and experiment which is a central thesis of
this document aims to produce an overall comprehensive chemical and transport data base for
nitramine decomposition. Inevitably, the model coming from this effort will be quite complex,
involving many chemical components, perhaps in different phases, as well as a multitude of
connecting physical parameters. Studies such as this ultimately aim to feed the engineering
design process which will take into account further large scale dynamical processes. These
latter processes with their own high level of complexity strongly motivate the need for model
reduction or lumping of the microscopic results into their essence for practical exploitation at
the engineering design level.””7

Although this latter goal seems clear, the need for model reduction in fact occurs at all
levels of the hierarchical flow in Figure 2. For example, to consider seriously a dynamical
approach to unimolecular decomposition of complex polyatomic molecules will require an
identification of the critical degrees of freedom as well as the lumping or projecting out of those
with less importance.

Two general issues arise here: (1) system reduction, and (2) system lumping. By
system reduction we refer to the process of identifying critical parameters and eliminating

those of lesser importance. The parameter sensitivity coefficients 90j/daj provide direct

information bearing on system reduction, where Oj is the i-th physical observable and 0 is

the j-th system parameter (Section 4 will further discuss the meaning of these coefficients).
For example, the larger parameter sensitivities of key dependent variables would indicate
which parameters should be retained and in an iterative fashion the model would be rerun
accordingly for its validation. Model reduction can result in some degree of computational
savings, but its chief importance lies in the physical insight gained and reduction of a model to
its physical essence. A critical point to understand is that the form of a reduced model will
likely depend on what observable characteristics are considered significant.

System lumping has the potential for much more significant computational savings and
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the optimal route to achieve lumping will require considerable exploratory research.
Traditionally, lumping is often done in many fields by routine pairing of system dependent
variables based on physical insight or other like indicators. In the case of kinetics, steady state
or equilibrium approximations are often invoked to replace more complex differential equations
by simpler algebraic relationships among the chemical species. In extreme cases, one might
also justify reducing the entire chemical kinetics mechanism to an effective heat release rate as
mentioned above. Clearly, more sysiematic means for lumping are necessary, whether they be
performed on kinetic mechanisms or the degrees of freedom in a molecule undergoing
unimolecular dissociation.

Although no definitive approaches to system lumping now exist, three viable avenues of
current approach can be identified.

1. Scali { Self Similarity of S ly_Coupled S : Indi [
Lumping. An increasing body of computational sensitivity analysis evidence has
shown that system collapse can occur in chemical kinetics when the species or
general dependent variables are sufficiently strongly coupled. The variables thus
act in concert immediately suggesting that a reduction in their number could be
achieved. It remains for further research to exploit the sensitivity coefficients,

aoi/aa], to produce lumpad models.

2. System Lumping via Linear Transformation.”? Prior literature in chemical
engineering dating back a number of years has considered formal lumping of
chemical kinetics through linear transformations of the following form:

O=MO where M is a rectangular lumping matrix connecting the original

dependent variable vector O of dimension n with its lumped counterpart O of
dimension n' where n' < n. Recent research has been directed towards
identifying the necessary and sufficient conditions for M to exist and produce
exact lumping.”8 Although exact chemical kinetic lumping is certainly likely to
be the exception rather than the rule, the establishment of formally exact
lumping criteria can form the basis for seeking approximate lumping schemes in
a controlled fashion. An important point to understand is that even the relatively
simple case of lumping by linear transformation will produce a nonlinear
mapping of the actual differential equations to a reduced set of dimension n'. This
seems to be a very promising line of research which should have equally direct
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applications to molecular dynamics since this latter problem may be expressed
in exactly analogous mathematical form.

3. Lumping By Nonlinear Transformation. The direct generalization of ltem £ above

L is to the consideraticn of nonlinear transformations for system lumping. There
3 is no existing general formulation for this approach, but a promising avenue of

study appears to be through the consideration of Lie transformations.”’9 Again,
although the generator of a Lie transformation is linear, its exploitation to move
through the hyperspace of all system variables can be highly nonlinear. In its
current stage of development, this approach seems to hold longer range prospects
for reaching fruition, and it may ultimately lead to a wider degree of
applicability.

Research on lumping and system reduction will clearly have an important impact on the
practical utility of the energetic materials research. Furthermore, may important spin-offs
will result since exactly the same techniques have application in a host of allied areas.
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4. RESEARCH DIRECTIONS FOR CRITICAL COMBUSTION AND
SUPPORTING LABORATORY EXPERIMENTS

4.1 Macroscale Combustion Experiments
41.1 Goals

Macroscopic parameters of propellant combustion, such as the burning rates, are already
being measured as a function of pressure and initial sample temperature in several
laboratories.80 Kinetic isotope effects have even been observed in the rate of thermal
decomposition of RDX and HMX81 and in their burning rates.82 Such observations clearly have
implications for the mechanisms of decomposition and combustion. For a deeper understanding
of the underlying chemical and physical processes governing nitramine propellant combustion,
it is clearly important to measure such parameters as burning velocities, species
concentrations, temperature, and density in nitramine and nitramine/binder flames. Aside
from providing an experimental characterization of the system, these data will provide specific
information with which chemical kinetic flame models can be compared.

4.1.2 Facilities and Techniques

Because the surface of a solid propellant regresses during combustion, the optimal use of
| most diagnostic techniques will require a means to maintain the probe at specific positions with
respect to the burning surface. For this purpose, strand burners have been developed in several
laboratories. An example of such a device is illustrated in Figure 6. Here a motor is used to
translate a strand of burning propeliant so as to maintain the burning surface in a fixed spatial
position. Several ports are included in the burner, whose total pressure can also be varied, to
allow for optical probes. Thus far, burners have been used to take high-speed photographs (both
normal and schlieren) to visualize the macroscopic phenomena and to visualize the gas flow field.
From the standpoint of simulating opposed flow dynamics (see Subsection 3.5) a burner with two
opposing strand feeders such as that shown in Figure 6 is especially useful.

Species and temperature profiles in actual nitramine propellant flames can be used as test
data for model calculations. Thus, recent mass spectroscopic measurements on RDX flames83 are
very important and more such experiments need to be done. However, the chemistry model can

also be tested by considering subsets of chemical reactions under controlled experimental
conditions. In particular, shock tubes, flat flame burners, flow reactors, and static reactor cells




can all provide valuable experimental data upon which to test the chemical models. These
experiments should be done in conjunction with the modeling using sensitivity analysis to help
verify the chemical models.
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Figure 6. Schematic Diagram of a Double-Ended Windowed Strand Burner Used in the
Laboratory of Prof. K. K. Kuo.

In addition to actual combustion experiments, a large number of studies involving the
pyrolysis of both neat nitramine compounds and formulated nitramine propellant mixes will be
necessary in order to understand and model decomposition and ignition properties and
mechanisms. In addition to traditional thermogravimetric studies, high heating rate experiments
involving laser heating of bulk samples and shock tube or hot drop tube heating of smaller
particulate samples will, when properly coupled to the advanced diagnostics discussed below,
yield valuable data on both condensed phase transformations and their gas phase products. A key
goal of all such experiments will be to assess whether the condensed phase physical and chemical
processes postulated in Figure 1 have a major role in determining the identity of the initial gas
phase products as well as the rate of ignition and burning processes.




4.1.3 Diagnostics

Whichever type of combustion or kinetic facility is used to generate target combustion

mixtures, the utility of such measurements is strongly dependent on the quality of the
diagnostics arrayed to gather the required data. Continual improvement in diagnostic
capabilities is a hallmark of recent physicochemical research, and key diagnostic advances are
reviewed below.

413.1 JTemperature

The most important single measurement which can be made of the flame is the temperature
distribution. Availability of this information would significantly constrain and simplify the
theoretical kinetic modeling efforts described in Section 3. In addition, this would allow a more
realistic assessment of the importance of condensed phase chemistry in the propellant combustion
process.

Thus far, temperature has been measured in the solid by imbedding miniature thermocouples
within propellant strands and following the temperature within the strand as the solid heats up
through the flame until the probe is destroyed.84 A significant uncertainty in these studies is the
location of the burning surface during the heating process. This is usually taken as an inflection
point in the heating curve. While thermocouples are essentially the only technique thus far
applicable to the measurement of the temperature of the solid, it is clearly important to measure
the temperature throughout the gas-phase flame.

Molecular spectroscopy finds great use as a diagnostic in macroscale combustion experiments,
as well as in supporting laboratory experiments for the identification of intermediates and the
measurement of kinetic parameters of elementary reaction steps. The uses of molecular
spectroscopy are discussed in greater detail in Section 4.2.2. There are several spectroscopic
diagnostic methods available for the determination of flame temperature profiles. Coherent
anti-Stokes Raman spectroscopy (CARS)85.86 appears to be the best approach for the
determination of the temperature (as well as the concentration of a number of the major stable
chemical species) in the gas above burning solid propellants. Coherent optical methods offer
significant advantages, such as increased signal strength and spatial resolution, over incoherent
techniques. In this method, the temperature is determined from an analysis of the profile of the
rovibrational band of a detected molecular species. This is analogous to the measurement of
temperature through determination of rovibrational populations by visible laser-induced
fluorescence or infrared absorption.

The CARS technique has already been used for temperature and species measurements in
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augmented engine exhausts.87 Typical spatial resolution with CARS in laboratory flames is a
cylindrical zone approximately 100 microns diameter by 1 mm long. It shouid be possible to reduce
the diameter to 50 microns or less, which would provide spatial resolution adequate to study the
dark and secondary flames zones of a burning propellant at about 20 atm.88 In its usual
application, CARS is designed to probe a single point at the focus of the two laser beams. It would be
interesting to be able to probe more than one point simultaneously. Such a capability has been
demonstrated with CARS using slit-shaped laser beams.8® There are also a number of other
approaches possible with CARS which would allow such capabilities as simultaneous species
measurements, self-calibration, etc. In view of the demonstrated utility of CARS as a combustion
diagnostic, it is important that it be further developed and applied specifically to nitramine
combustion.

4.1.3.2 Combustion Species Diagnostics

Gas sampling techniques have traditionally been used to observe stable species in a
propellant flame.90 The quantitative interpretation of these early experiments is suspect.
Mass spectrometric sampling has more recently been used to determine stable species
concentrations as a function of distance in several propellant flames.83 It is clearly useful to
carry out more mass spectrometric probe sampling studies of propellant burning. With
molecular beam sampling techniques, it should also be possible to detect labile species.

One significant uncertainty in the interpretation of mass spectral data is the origin of the
observed mass peaks, i.e., whether these are parent or daughter ions. The application of
different ionization methods is clearly important in resolving such ambiguities. An example of
the utility of such approaches is the recent chemical ionization study of the pyrolysis of RDX by
Snyder et al.81 The use of the gentle chemical ionization technique, as well as isotopic labelling
of the RDX, allowed determination of the chemical formulas for the observed pyrolysis features.
The coupling of molecular beam sampling with laser pumped resonance enhanced multiphoton
ionization (REMPI, discussed below) and mass selective detection may prove to be an important
novel species diagnostic system.

Simultaneous thermogravimetric modulated beam mass spectrometry and time-of-flight
(TOF) velocity analysis has also been employed to study the thermal decomposition of HMX and
RDX.92 |n this case, the molecular weight of the fragment associated with a given ion mass peak
is approximately determined by TOF velocity analysis from the effusive source. The mass loss
observed by a microbalance is then correlated with the fragment deduced from the TOF mass
spectra. One drawback of such techniques is that the propeliant decomposition must be carried




out sufficiently slowly so that the pressure of the decomposition products above the sample
remains low, conditions quite different than for actual burning of a propeliant.

Electronic emission spectroscopy has also been employed and a number of radical species
have been seen.93-95 However, this method suffers from the fact that the signal is an integral
over the line of sight; hence, it does not have high spatial resolution. A more fundamental
difficulty with using electronic emission spectroscopy as a flame diagnostic is that the visible
chemiluminescence from chemical reactions is usually a small fraction of the total reactive
flux.96  Nevertheless, this technique can provide useful information about the spatial
distribution of specific free radicals within the propetlant flame, provided the excited state
emission reasonably tracks the production of the ground state electronic state, as appears to be
the case for CN in laboratory flow systems.97 The use of modern FTIR is a promising method of
using spontaneous flame emission to gain information on the flame chemistry, because emission
from vibrationally excited molecules would be much more diagnostic of the flame
chemistry.98,99

infrared absorption was employed a number of years ago to probe propellant flames. 100
Absorption spectroscopy suffers from the fact that it is a line of sight method and has poor
spatial resolution. Modern FTIR absorption methods have, in fact, found considerablie use in
thermal decomposition studies of propelfants. Brill and co-workers have used this technique to
investigate changes in molecular structure accompanying phase transitions in RDX.101 i
addition, rapid scan FTIR spectroscopy has enabled the study of the pyrolysis of energetic
materials under fast heating conditions.102

Considerabie progress has been made toward the development of fast-response
nonintrusive laser diagnostic probes suitable for the detailed study of the mechanism of
nitramine propellant combustion.103-105 1t is clearly important to apply these methods to
probe the flame structure and concentration profiles adjacent to burning solid propeliants. The
CARS technique, previously discussed in terms of flame temperature measurements, can
provide concentrations of selected major species.

The laser-induced fluorescence technique has been shown to be a very sensitive method for
the determination of concentrations of a number of molecuies, principally diatomic and
triatomic free radicals, in combustion environments.106-108 Ag discussed in more detail in
Section 4.2.6, there are sufficient spectroscopic data available (wavelengths, band strengths,
radiative lifetimes, etc.) to design and interpret experiments for concentration measurements
of most diatomic radicals likely to be of importance (e.g., OH, CN, NH) There are a number of
polyatomic species of importance in nitramine decomposition for which the laser fluorescence




el

technique is applicable. These are discussed in Section 4.2.3, and their status with respect to in
situ detection briefly reviewed.

Because of the high pressure of the nitramine combustion environment, it is necessary to
take account of collisional effects, as has been recognized for some time. Quenching of the
electronically excited state is the principal collisional perturbation. Considerable effort has
been made to measure quenching rate constants by a variely of potential collision partners and
as a function of temperature. Quenching, of course, has the effect of reducing the fluorescence
quantum efficiency, which must be known to determine absolute concentrations. Even if only
the relative concentration of a given species as a function of position were desired, the
fluorescence intensity may not accurately reflect the concentration profile because of the
variation of gas composition through the flame. Garland and Crosiey!09 have recently surveyed
the current knowledge on the quenching of electronically excited states of OH, NH, and CH, as it
pertains to combustion diagnostic studies. For OH, the total quenching rate can be calculated to
an accuracy of perhaps +30% for typical flames. Moreover, perhaps fortuitously, the total
OH(A) quenching rate varies by only 30-50% through the flame for a variety of exemplary
flames. There is at present insufficient information available to make similar estimates for NH
or CH. If narrowband detection of the fluorescence intensity is employed, say for reduction of
scattered light or flame emission, collisional energy transfer within the electronically excited
state must also be taken into account.28

Saturated fluorescence,10-112 in which a high laser power density is employed 1o cause
stimulated emission to be the dominant excited state removal path, is an alternative method to
avoid the problem of quenching. While this technique has attractions, it is not applicable or
necessarily easily interpretable under all circumstances.

One particularly promising innovation for the application of laser diagnostics to
combustion studies is the use of planar imaging techniques.113 This allows the determination of
a "snapshot” of the concentration profile through a plane. Planar laser-induced fluorescence
signals have recently been observed for OH and CN in a flame above a solid propeliant at 0.5
MPa.104 Because of the previously mentioned quenching problem, the conversion of these
signals to concentration profiles is nontrivial. It is important for such measurements to be
continued and refined. Of special significance would be the determination of absolute
concentrations of several species as a function of position within the flame,114 in order to
provide maximal information for comparison with flame models.

Resonance enhanced multiphoton ionization (REMPI) has also been successfully used for

the detection of several species of combustion relevance, including H, O, CHz, and HCO, in both




laboratory spectroscopic experiments and in flames.115-118 This technique may also find use
in the study of nitramine combustion. However, one drawback, at least for studies at high
pressures, is the necessity for insertion of an ion-collecting probe into the system.
Alternatively, as noted earlier, a neutral molecular beam can be sampled and REMP! used as a
selective ionization procedure for mass spectrometric detection.

The combustion community has had considerable interest in the development of
multiphoton excitation schemes for the detection of light atoms in combustion
environments.119  Two different approaches have been taken, namely observation of the
fluorescence emission from the multiphoton resonant excited state119-122 and absorption of
an additional photon to produce ionization,115.116 ag discussed in the previous paragraph. The
former method has advantages over the latter in that it does not require the insertion of a probe
into the medium and can be used to obtain two-dimensional images of atomic concentrations in
flames, as has been recently demonstrated.120,121 These multiphoton techniques will find use
in the determination of profiles of atomic concentrations in nitramine flames. Again, collisional
effects will need to be considered in reducing signals to concentrations.116,119,122,123

4.2 Supporting Laboratory Experiments
4.21 Goals: Reaction Rates. Diagnostics Support

The first stage in the decomposition of the initial gas phase species in a nitramine flame
may occur on a time scale as short as nanoseconds, and, at a pressure of 1 atmosphere, each
subsequent stage in the decomposition process takes place on a time scale ranging from
nanoseconds to microseconds. This latter time scale is compressed at higher pressures. Many
reaction intermediates are formed and consumed on the time scale of typical observations, so it
is crucial to evaluate the presence of key reaction intermediates by direct observation.

While the spectral techniques discussed in Section 4.1 are currently applicable primarily
to small (1 to 3 atom) species, diagnostics for the positive identification of polyatomic reaction
intermediates are in the early development stages. As these techniques evolve, it will become
possible to study the elementary reaction chemistry of species identified from kinetic models as
probable key intermediates in the decomposition of nitramine propellants. A prime example of
these species is the HoCN molecule, which has been suggested as a likely key intermediate but

whose elementary reaction chemistry is at present completely unknown.

The following two Subsections (4.2.2 and 4.2.3) discuss the basic spectroscopic studies
required to develop the non-intrusive spectral probes needed both for reactive species
monitoring in nitramine combustion studies and laboratory determinations of specific kinetics
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measurements. Subsection 4.2.4 also deals with species diagnostic development, focusing on
sampling-based techniques. Subsection 4.2.5 reviews the types of kinetic experiments needed
tfo gather the reaction rate parameters required by the kinetic ignition and combustion models
discussed in Section 3. Finally, Subsection 4.2.6 reviews the evaluated spectral data bases
available for diagnostic selection and design.

4.2.2 Experiments Supporting Spectroscopic Diagnostic Development

Molecular spectroscopy is often the method of choice for both combustion and kinetic
studies. It is a nonintrusive technique and is especially well suited to the distinction between
isomeric species. On the low energy scale, it can, for example, readily distinguish between
stereoisomers such as cis- and trans-HONO. It also provides an excellent means of
distinguishing between species which have the same molecular formulas but different chemical
bonding structures,such as HNCO, HCNO, and HOCN, all of which may play important roles in
nitramine reaction systems. Modern laser systems afford the great advantage of high detection
sensitivity coupled with space and time selectivity.

Conventional absorption and emission spectroscopy have been very useful in elucidating
the spectra of diatomic reaction intermediates, such as OH, NH, and CN. The flash photolysis
technique has found considerable use for the observation of electronic absorption spectra of
many small polyatomic reaction intermediates, such as HNO,124 NCO,125 and HoCN.126 The

usefulness of flash photolysis coupled with spectroscopic detection is limited to species which
have relatively intense electronic absorptions in the visible-ultraviolet-vacuum ultraviolet

spectral regions. |If the band system is diffuse - as for HoCN - the technique may still be

useful, but structural information, crucial for the positive identitication of the reaction
intermediate, may be lost.

The matrix isolation technique provides a powerful tool for obtaining survey spectra of
chemical reaction intermediates over the entire infrared and visible-ultraviolet region.
Concentrations of free radicals as high as a few tenths of a percent have been stabilized in the
inert matrix material. Ground state vibrational absorptions of covalently bonded species
typically lie within 1% of gas-phase band centers for argon matrices; the deviations from
gas-phase values are even smaller for neon matrices.127 Electronic band origins of covalently
bound species isolated in argon and neon matrices are usually within about 2% and 1%,
respectively, of their gas-phase t‘requencies.128 Therefore, species identifications in the
environment of an argon or neon matrix can provide a valuable guide for the gas-phase laser
studies.




v

Since molecules are stabilized in their ground states at the 4-14 K temperatures used for
matrix studies, possible spectral complications due to hot bands are eliminated. A "map" of the
transitions arising from the molecular ground vibronic states is thus provided. Recent matrix
observations 129 of the electronic spectrum of HoCN excluded a possibie hot band contribution

to the previously reported gas-phase spectrum.126 Elimination of the hot band assignment is
important to the extrapolation of the spectral data to high temperature environments. Matrix
studies of the previously unreported near-infrared electronic transition of HCC,130 expected
to be an important intermediate in binder degradation, revealed a wealth of structure connected
with extensive perturbations by highly excited ground-state vibrational energy levels.

Lasers have proved to be extremely valuable in the detection of chemical reaction
intermediates in the gas phase and in the development of spatial diagnostics of these species.
Presently available laser-based detection techniques span the spectral range from the far
infrared to the vacuum ultraviolet. The most commonly used and one of the most sensitive
involves fluorescence excitation with dye lasers or their frequency-doubled radiation. This
method is limited to species which have reasonably intense fluorescence spectra, i.e., diatomics
and certain small polyatomics. Nevertheless, laser fluorescence detection has seen considerable
use as a spectral diagnostic, as discussed in Section 4.1.3.2. The availability of tunable infrared
lasers, including color center lasers, laser difference frequency spectrometers, and tunable
diode lasers, opens up the possibility of the more widely applicable detection of molecules by
vibrational transitions.

Recent developments in digital electronics and in algorithms have resulted in wide
application of Fourier transform infrared spectroscopy. The advantages inherent in Fourier
transform data analysis have resulted in greatly improved signal-to-noise ratios even at much
reduced observation times. Gas-phase infrared spectra have been obtained for a few reaction

intermediates, including CHoNH,131 with Fourier transform (FTIR) detection systems.
4.2.3 Spectroscopic Diagnostics

Tables 2 and 3 summarize the status of the development of diagnostics for species which,
according to present models, should play key roles in nitramine ignition and combustion. Table
2 focuses on relatively small nitramine reaction intermediatas which can be monitored with
available or relatively easily envisioned spectral techniques. Only for stable molecules, such as
NO and NO,, and for a few diatomic free radicals is diagnostic development far advanced. Indeed,
the spectra of several small polyatomic species which play important roles in the models have
yet to be observed; Table 3 lists a number of the small polyatomic species currently believed to
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play a critical role in nitramine combustion. Some of the problems in developing diagnostics
for these species will be considered in the following discussion.

‘Table 2 - High Priority Reaction intermediates for In Situ
Nitramine Flame Diagnostic Development

Spectral Possible
CN 380-390 nm LiF Lifetime Much development
NH 330-340 nm LIF Litetime Much development
NO 224-226 nm LIF Lifetime Much development
N O Visible LIF Lifetime Much development
NCO 450-550 nm LIF Lifetime Some development?
HNO 700-800 nm LIF Lifetime®

1560 cm-1 IR laser Spectrumd
HONO 800-900 cm-1 IR laser Spectrum® 2-laser UV

1200-1300 cm- 1 detection possiblef

1650-1750 cm-!
aStatus with respect to quantitative use in flames.

bCopeland, R.A., Crosley, D.R., and Smith, G.P., Twentieth Symposium (International) on
Combustion, The Combustion Institute, Pittsburgh, 1985, pp. 1195-1203; Wong, K.H., Anderson,
W.R. Kotlar, AJ., and Vanderhoff, J.A., J. Chem. Phys. 81:2970-2974 (1984).

CDixon, R.N., Noble, M., Taylor, C.A., and Delhoume, M., Faraday Discuss. Chem. Soc. 71:125-142
(1981); Obi, K., Matsumi, Y., Takeda, Y., Mayama, S., Watanabe, H., and Tsuchiya, S., Chem.
Phys. Lett. 95:520-524 (1983).

dJjohns, J.W.C., and McKellar, ARW., J. Chem. Phys. 66:1217-1224 (1977).

®Kagann, R.H. and Maki, A.G., J. Quant. Spectrosc. Radiat. Transfer 30:37-44 (1983); Maki, A.G.
and Sams, R.L., J. Mol. Structure 100:215-221 (1983); Maki, A.G., J. Molec. Spectrosc.
127:104-111 (1988).

fRadhakrishnan, G., Parr, T., and Wittig, C., Chem. Phys. Leit. 111:25-32 (1984); Vasudev, R.,
Zare, R.N., Dixon, and R.N., J. Chem. Phys. 80:4863-4878 (1984).

Where spectra have yet to be obtained, it may be advantagous first to search for
absorptions using the matrix isolation technique, since the molecules of interest are expected to
have short lifetimes against chemical reaction in the gas phase. Isotopic substitution
experiments will aid in the positive identification of the infrared spectra of these species, and
the identification of visible-ultraviolet bands which behave similarly under ditferent
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preparative and photolysis conditions will aid in the assignment of electronic transitions of
these species. It is anticipated that low-lying transitions of several of these molecules, like
those of closaly related species, may be dissociative or strongly predissociated. Therefore, it is
suggested that diagnostic development based on infrared laser absorptions may be appropriate.

Table 3 - High Priority Reaction Intermediates for Reaction Mechanism
Diagnostic Development

Spectral Possible
HoCN 280 nm UV Absorption Spectrum All hands diffuse
HoCNO IR? No data
HNCO IR Laser Spectrum
HCNO IR Laser Spectrum
HOCN 1¢80 cm-! IR Laser Spectrum Matrix isolation@
2300 cm-1 IR Laser Spectrum Matrix isolation@
3600 cm-! IR Laser Spectrum Matrix isolationd
HONC 1230 cm-1 IR Spectrum Matrix isolationb
3440 cm-1 IR Spectrum Matrix isolationb
HNOH IR? No data Microwave detection?
HaoNO IR? Far IR-LMR detection®

2Jacox, M.E. and Milligan, D.E., J. Chem. Phys. 40:2457-2460 (1964); Bondybey, V.E., English, J.H.,
Mathews, C.W., and Contolini, R.J., J. Molec. Spectrosc. 92:431-442 (1982).

bMaier, G., Teles, J.H., Hess, Jr, B.A., and Schaad, LJ., Angew. Chem. 100: 1014-1015 (1988),
Angew. Chem. Int. Ed. Engl. 27:938-939 (1988).

CDavies, P.B., Dransfeld, P., Temps, F., and Wagner, H.G., Ber. Max-Planck-inst. Stromungsforsch.
no. 6:1-25 (1984); J. Chem. Phys. 81:3763-3765 (1984).

Quantitative species identification is possible for the stable molecules listed in Table 2,
but will be very difficult to achieve for the more reactive or less stable species. It is rarely
possible to obtain complete conversion of a stable species of known concentration to a transient
product. However, the determination of relative concentrations of transient species is still
useful in kinetic studies of elementary reactions.

Infrared detection of transient molecules in the gas phase has been employed in only a few
kinetic studies.132,133 At the high resolution of infrared diode lasers, individual rotational
transitions are prominent. As the system pressure is increased, these lines are broadened, and
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the detection sensitivity is decreased. Therefore, infrared lasers are best suited to
measurements at low total pressures. As the temperature is raised, the complexity of the
spectrum will increase. For low molecular weight species such as those of formula NH2O, it
may be feasible to extend the detection technique to somewhat higher temperatures.

In some special cases, it may still be possible to utilize visible or ultraviolet laser
fluorescence for the detection in kinetic studies of species with dissociative or predissociative
excited states. The HONQO molecule was successfully detected in the ultraviolet photodissociation
of nitropropane by a 2-step laser technique involving first the photodissociation of HONO and
then laser fluorescence detection of the OH fragment.134 Unfortunately, quantitative detection
of HONO will be difficult, and the sensitivity of this method is limited by the presence of OH
produced by processes other than HONO photodissociation.

4.24 Other Diagnostics

Other detection techniques besides electronic or vibrational spectroscopy have been
employed to observe intermediates in the decomposition of nitramines. The best example of this
is the electron spin resonance (ESR) study of Beyer and Morgan.135 This technique was used to
detect several free radical species in the effluent from the slow pyrolysis of RDX and HMX. In
particular, they were able to observe the important HoCN radical, as well as NO>. However,

ESR does not have the sensitivity or spatial resolution required for in situ studies of nitramine
combustion.

Another potential diagnostic, particularly for supporting kinetic studies, is resonance
enhanced muitiphoton ionization (REMP!) which was briefly mentioned in Section 4.1.3.2. This
technique has become an important laser spectroscopic technique for studying transient free
radicals because it offers the advantage of excellent sensitivity, even for radicals not suitably
detected using laser induced fluorescence (LIF), Raman, or coherent antistokes Raman (CARS)
spectroscopies. Although relatively new, its contributior= to free radical spectroscopy are
already significant. At present, REMPI can sensitively detect over 41 free radicals,136 many
of which cannot be sensitively detected by any other optical method. REMPI spectroscopy has

provided a first view of the electronic spectra of ten radicals (e.g., CH2OH, SiHg, GeHs...) and

has doubled or tripled the spectroscopic data of others (e.g., CH3z, HCO, CH30...).

Finally, various forms of advanced mass spectroscopy (with or without REMP! detection)
including molecular beam sampling and Fourier transform mass spectroscopy based on ion
cyclotron resonance techniques may also play a key diagnostic role, especially for kinetic
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studies of large molecules.
4.25 Kinetic Techniques and Experiments

There is a critical need for the measurement of reaction rate constants and the
determination of product branching ratios. These are required for the development of a realistic
kinetic model to describe nitramine combustion. While the measurement of rate constants is
clearly significant, it is also necessary to have estimates of branching ratios for a number of
reactions since the product branching can determine the actual mechanism of decomposition. It
is considerably more difficult to determine branching ratios, as opposed to rate constants, since
the former requires measurements of ratios of concentrations (either of a product vs. reactant
or of two products) while the latter can usually form the time dependence of the concentration of
a single species (at least in the pseudo-first order regime).

Table 4 contains a summary of the commonly employed kinetic techniques that can be
applied to the determination of gas phase mechanisms and rate constants for reactions such as
listed in Figure 4. The shock tube'37 has unique capabilities for studying rates and
mechanisms for unimolecular decompositions while the other methods are more suitable for

Table 4 - Gas Phase Kinetics Techniques

Temperature Pressure

Technique Bange (K) Bange (aim)  Comments

Shock tube 300-10,000 0.1-1000 Short measurement
duration

Fast-flow reaction 200-1800 0.001-1 Can pre-prepare many
reactants at low pressure

Flash photolysis/ 200-1400 0.05-10 Limited to labile species

resonance fluorescence produced by photolysis

and absorption

Pulsed radiolysis 200-1400 0.05-100 Similar to Flash Photolysis
/Resonance Fluorescence &
Absorption

Crossed molecular NA2 NA Product branching

beam or molecular ratios

beam/bottle

aColiisional energy range 0.05-5 eV.
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examining bimolecular processes.138-140 This list is not meant to be exclusive. In earlier
sections we have described contributions from static (bulb) and laser pyrolysis experiments.
The real surprising feature is that so few kinetic experiments have been carried out that meet
modern standards on the validity of such measurements.

The various bulb and flow methods have baen extensively employed for the measurement of
thermal rate constants of a wide variety of chemical reactions. Such experiments have given
considerable insight into the reaction mechanism of the combustion of various species.141
Recent advances in techniques have allowed for the study of elementary radical-radical
reactions directly rather than by modeling of multistep mechanisms.142 For a number of the
elementary reactions of importance in nitramine combustion, the branching into the various
possible chemically distinct pathways is unknown. For example, the present kinetic models of
nitramine combustion (see Section 2.2) suggest that knowledge cf the branching ratio for the
reactions:

HoCN + NO2 — HoCNONO*®, HoCNNO2® — H2CNO + NO
— HONO + HCN
— HCHO + H20

— HaCNNONO

— HsCNNO2

is important in eliminating some of the uncertainties in the decomposition of intermediate
nitramine decomposition species. This reaction is the prototype of the reaction of other radicals
having H atoms, such as CH30, with NOao. Thus, it would be important to have at least one
example of a reaction system where the branching ratios are known.

The usual kinetic measurement provides only the total bimolecular rate constant. The
measurement of product branching ratios presents a significantly greater challenge because of
the necessity to calibrate detected reactant and product signals with respect to one another. The
NH2 + NO reaction, which is important in the formation of nitrogen oxides in various
combustion and atmospheric processes, offers a good example of the problems in estimating
branching ratios.143

In this regard, as illustrated by the study of Lee and co-workers on the infrared
multiphoton dissociation of RDX,21 molecular beam methods are clearly useful even though this
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{ technique does not easily yield total cross sections for reactive collisions. This technique can

1 probe unimolecular decomposition channels which are of great importance for nitramine
j decomposition (see below). There are also problems with respect to the interpretation of the
branching ratio information, since there are uncertainties regarding the energy distribution. It
is somewhat surprising that, except for the molecular beam technique, none of the other well
established methods have been directly applied to problems associated with propellant
decomposition. In addition, molecular beam techniques can be used to investigate the dynamics
of radical-radical reactions at high collision energies, corresponding to the high temperatures

in the secondary flame.
For any type of reaction there is an optimum method and reaction condition for the
determination of the desired information. As noted above the most important guarantee of

§ reliable results is proper experimental design. It is our opinion that most of the reactions that
may be important in modeling propellant combustion are to some degree accessible with
currently available methodology. Probably the most difficult rate constants to measure are
those involving polyatomic radical-radical interactions. This is coupled with the fact that rate
constants for disproportionation reactions are most difficult to estimate. In order to carry out
such experiments one must simultaneously generate and determine the concentration of two
radicals, consider the possible interactions with other radicals that are present in the system,
their unimolecular decomposition processes and ultimately a multiplicity of reaction channels.
An important problem in these studies will be the handling of nitramines and related
compounds. They are in general of low volatility and stability and particularly subject to
surface catalysis. For the latter, the shock tube offers special advantages since the short

P .

heating time and the gas dynamic nature of the heating assure the absence of surface processes.
Nevertheless, this is a problem in experimental technique which can probably be solved with
experience. We note that in the stratospheric chemistry area unstable compounds such as

CIONO2 and N2Os are extensively studied.

The chemical complexity of nitramine propellants makes proper understanding of reaction
mechanisms before the measurement of rate constants mandatory. The key to unambiguously
determining mechanisms is the possibility of detecting as many products as possible.
Unfortunately, for any given system nonintrusive spectroscopic techniques can detect one or at
! most a few species at any given time. This is in general insufficient for unambiguous
determination of mechanism. Thus, we may face the necessity of intrusive probes and or the
inference of mechanisms from final product analysis. This means the use of mass spectrometry
] or the various chromatographies. With the mechanism properly defined, then the application of
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nonintrusive spectroscopic techniques provides a means of fine tuning rate constant
measurements. The ideal situation is undoubtedly the combination of intrusive and nonintrusive
techniques. An example of a high temperature flow reactor equiped with a variety of
nonintrusive spectral probes as well as molecular beam mass spectroscopic sampling is
described in Reference 144.

it should be noted that the same diagnostics that have been discussed in an earlier section
as possibilities for probing combustion species distributions can be utilized with probably a
greater chance of success in kinetic studies inasmuch as such systems are intrinsically cleaner.
Indeed, kinetic studies provide an excellent test bed for the validation of combustion species
diagnostics.

The major focus of this subsection has been on techniques to gather the gas phase kinetic
data which current nitramine combustion models clearly require.17-19 If the pyrolysis
experiments recommended in Subsection 4.1 show a critical need to more fully understand
condensed phase or gas-surface kinetic processes, suitable experimental kinetics techniques
involving condensed phases will have to be developed.

4.3 Evaluated Data Bases

The critical role of evaluated kinetic and thermochemical data bases in modeling was
discussed extensively in Section 3; here we will briefly review spectroscopic data bases
available for diagnostic evaluation and experimental design.

Several recent compilations give evaluated energy level data for a large number of small
molecules. Huber and Herzberg145 have provided an authoritative summary of spectroscopic
constants for diatomic molecules. Earlier volumes by Herzberg are the basic reference to the
theory of molecular electronic transitions4? and vibrational-rotational spectra. 146

For many years, the tables of spectral data for molecules which possess from 3 to 12
atoms which were included in the volume on electronic transitions of polyatomic molecules41
were the prime source of spectroscopic data for stable molecules, free radical reaction
intermediates, and the few small polyatomic molecules for which spectral data were then
available. Although spectral data for stable molecules were quite well established at that time,
the development of new techniques, already discussed, has vastly enlarged the literature on the
molecular energy levels of polyatomic transient molecules since that time. To meet the need for
critically evaluated ground-state vibrational energy levels for small polyatomic (3-16 atoms)
transient molecules, defined as species which have lifetimes against chemical reaction which
are too short for conventional spectral observation in a simple gas cell, a compilation has
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recently been published.147 A second compilation, giving evaluated electronic spectral data for
polyatomic transient molecules with from 3 to 6 atoms, has just appeared.148 The tables in
this latter compilation include electronic energy levels, vibrational spacings, principal
rotational constants, and radiative lifetimes. Because the field is currently so active, the
ground-state vibrational data for many of the transient molecules included in this compilation
are significantly revised from the corresponding data in the 1984 tables. Recent additions to
the ground-state vibrational energy level data available for transient molecules with from 7 to
16 atoms, as well as for smaller species for which no electronic spectral data are avaiiable,
will be the subject of a third compilation which is currently being prepared. It is planned to
maintain these data files, with continuous upgrading at NIST. Network access to the current file
and the conversion of the tables to data base format in order to permit range searches are
currently being implemented.
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5.0 SENSITIVITY ANALYSIS AS A CRITICAL CROSS-CONNECTION

5.1 Background and Overview of the Role of Sensitivity Analysis

In recent years, the confluence of sophisticated new laboratory and computational tools has
led to a more systematic approach 1o treating complex problems, particularly at the interface of
applied and fundamental science. The general problem of understanding energetic materials
ignition and combustion for nitramine propeliants also falls into this category. As explained in
the introduction, sufficient experimental, theoretical and modeling information has been
assembled to reach the necessary critical threshold allowing for further accelerated progress,
provided a systematic approach is taken.

The successful treatment of problems arising, for example, in atmospheric chemistry and
hydrocarbon combustion is largely due to a simiiar confluence of conceptual, laboratory, and
numerical tools. It is the thesis of this paper that a similar effort is now appropriate for the
treatment of energetic materials combustion.

Furthermore, we want to emphasize the critical introduction of sensitivity analysis tools
into this effort.149.150 These tools have already begun to have an impact on unravelling the
complexities of hydrocarbon combustion,’51 and we propose here a full extension and
exploitation of their capabilities for the problem at hand. indeed, it is clear that progress will
be significantly slower without the full integration of sensitivity techniques and concepts to
evaluate and guide further research on energetic materials decomposition.

The mathematical concepts underlying sensitivity analysis have a long history, rooted in
the work of Poincare's stability analysis. With the rapid development of nuclear energy after
the 1940's, sensitivity analysis techniques were seriously pursued to support nuclear
engineering reactor design efforts. Applications and development to a lesser degree were also
pursued in other areas of engineering as well as economics and other fields. As exemplified in
the previous sections of this report, and more elaborately explained below, the iterative
process of theoretical studies, modeling and experiment inevitably raise a generic set of issues
and questions. This circumstance has allowed the general concepts of sensitivity analysis to be
pursued and exploited in a broad sector of applied topics. However, quite surprisingly only in
the last several years has serious pursuit of analogous developments and applications in
chemistry and physics been seriously considered.149-151

it is not our purpose here to comment on this disparity in development, but rather to
suggest full exploitation and further development of these capabilities with a particular
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emphasis on the scientific problems arising in energetic materials decomposition and
combustion. As will be described below, this matter involves a dual effort of exploitation of
existing sensitivity techniques as well as an identification of the need to develop new theoretical
tools to extend the technique capabilities even further. An effort will be made to point out how
the sensitivity tools may ba beneficially applied to the overall classes of probiems encountered
in filling out an understanding of the processes illustrated in Figure 2.

5.2 Qverall Capabilities of Sensitivity Analysis

The purpose of this subsection is to provide the explicit definitions and underlying
interpretation of the variety of sensitivity coefficients needed in energetic materials
combustion research. No attempt will be made here to seriously discuss the underlying
mathematical or numerical analysis since extensive articles and review papers are available
for further details.149-151

However, in this regard, we do emphasize the importance of fully considering the
specialized numerical needs of sensitivity analysis when developing computational coding for
theoretical or modeling efforts. In general, if computational modeling and theoretical studies
are feasible, then quite simply their sensitivity analysis is also feasible, and necessary to fully
extract the information content of the studies.

The discussion below is in reference to Figure 7, which depicts the overall family of
sensitivity techniques relevant to energetic materials combustion. The chemical species or

other dependent variables will be denoted as Oj(x,t) which is the ith member of the set, x

refers to the coordinate variable(s) and tis time. General parameters arising in the physical

problems will be denoted by a4, ay, a3, ...

5.2.1 |dentification of Key Dependent Variables and Chemical Pathways

Even before consideration of critical chemical parameters, there is the more basic need to
identify which chemical species or dependent variables are important in macroscopic kinetics
as well as the analogous goal of identifying the important degrees of freedom in dynamics
phenomena. Taking energetic material kinetics as an example, a simple identification of
concentration magnitude or chemical fluxes is always a vawable guide. This information is
especially important for determining which small concentration, difficult to measure radicals
are important. However, a particular sensitivity test is specifically applicable here.
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Figure 7. llustration of the Central Role of Sensitivity Analyses in Coordinated,
Hierarchial Theoretical/Experimental Research Programs
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One may calculate elements of the so-called Green's function matrix §0i/3J, where &Jp

can be thought of as an incremental flux of the nth dependent variable. Therefore, the elements
of the Green's function matrix provide a direct measure of the dynamic interconnectivity
between the chemical species. Such an interconnectivity will most frequently go beyond what is
reflected in the chemical mechanism alone due to the strong coupling inherent in energetic
materials combustion. Furthermore, elements of this matrix are in principle measurable in
! the laboratory by the introduction of a flux of a particular disturbing species. It is also
possible to calculate constrained Green's functions to identify explicitly dynamic pathways for
the interconnection of the chemical species. This type of identification may provide key insight
for suggested modification of the energetic materials themselves. Issues analogous to these also
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arise at the dynamics level for the identification of important degrees ot freedom or pathways in
bimolecular or unimolecular process. Such information could be used to guide the improvement
of dynamics calculations of critical kinetic rate constants.

5.2.2 |dentification of Key Parameters

Certairly a recurrent theme throughout all levels of the effort as shown in Figure 2 is the
desire to identify the important parameters. This goal is for the purpose of ultimate model
simplification as well as identification of further theoretical and experimental research to
define better the identified critical parameters. The sensitivity coefficients Sjj = d0j/day

provide the direct means to guide these studies. The magnitude and sign of these coefficients
signifies the system's response to the parameters being probed. in the case of energetic
materials kinetic modelling, the parameters would consist of rate constants, transport
coefficients, initiai conditions, boundary conditions, etc.17.18,151

For molecular dynamics an extension of these concepts into the functional domain is
important. This need arises because, for example, a potential surface governing dynamics is a
function of the dynamical coordinates even if, in practice, it is parameterized for convenience.
Therefore, the basic sensitivity coefficient in this case now has the form:

Sj(x) = 50/56V(x).

A similar set of functional sensitivity coefficients would also arise when desiring to know which
orbital regions at the efectronic level actually control the ultimate dynamic and kinetic
behavior. In this case, the input functional variation would be with respect to the wavefunction,
and we desire to probe how the electronic wave function controls behavior at the higher
dynamicai or kinetic level.

5.23 Analysis of Critical Laboratory Signatyres

Laboratory experiments on energetic materials will typically produce temporal and/or
spatial profiles of chemical concentrations, temperature, spectral intensities, etc. Each of
these observable profiles has its own characteristics, and one can often identify features of
special interest including thresholds, peak locations, widths, etc. Variables identifying these
features are typically located at particular spatial and/or tempora!l coordinates. The natural
question then arises as to how the observable critical values for these coordinates depend on the
underlying system model, structure, or parameters. As an example, one may calculate the

sensitivity of the induction time t for explosion with respect to the underlying system

parameters or dependent variables, respectively dt/daj and 31/80;. In essence, these
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sensiiivity gradients provide a direct connection between the parameters meaningful at the
theoretical or modeling level and those of special importance at the observable laboratory
level.152 A probing of this type could extend from one extreme of hierarchy in Figure 2 to the
other, ultimately addressing the connection between engineering energetic materials behavior
and the fundamental driving sources at the electronic level.

5.2.4 Experimental Design
Modeling and theory separately have an important role in this effort, but their full utility

will only be achieved when they are interconnected with the laboratory studies. Many of the
kinetics, dynamics or spectroscopic measurements planned as part of energetic materials
research will be performed to determine one or more critical parameters such as rate
constants, radiative lifetimes, spectral constants, etc. The true connection between the
measurements and the desired parameters can be obscure in many cases where "clean”
experiments cannot be easily devised. However, the desired connection can be provided through

the linking concepts of sensitivity analysis. In particular, jnverse gradients such as day/dQj
can provide explicit guidance on whether the performance of the j‘h measurement Oj is likely
to be relevant for identifying the ith system parameter oi. At an even deeper level, after
performance of the jth measurement Oj. one can ask whether any significant information is to
be gained by additionally performing the kth measurement Ok. This question may be addressed

by further calculating the derived sensitivity (30k/d0jf) where a small value of this

derivative will indicate independence of these two measurements and hence the worthiness of
performing the ki observation. This point is especially important for energetic material
combustion where the complexities of the problem preclude performing all possibie or even a
modest fraction of the possible measurements.

In a similar vein, parameter correlation coefficients (doj/daj) may be calculated where

they are implicity understood to correspond to a particular subset of the dependent variables
held fixed. In other words, they address the question of whether a correlated response in
parameter aj can be made to compensate for one in parameter aj and still leave the
observations invariant. This question is especially important when attempting to identify
whether a decomposition model is unique or if a family of models might suffice to produce the
same or similar observations. A point to understand is that these gradients may be caiculated
independently of the statistical error analysis with experimental data, since they represent
correlation inherent in the dynamics or kinetics models.
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5.2.5 Critical Parameter |dentification of Statistical Error Analysis

Experiments throughout the hierarchy in Figure 2 will be performed to gain insight,
identify chemical species or dependent variables of importance and most significantly, to
provide parameters as input to refine models. In the latter category, one always desires to
perform the cleanest experiment possible to isolate the parameters of interest. However, in
practice this may not always be possible especially for the identification of parameters only
associated with phencmena (e.g., burning rate) in the bulk energetic material. In this latter
case, it is only possible reliably to extract the parameters by simultaneously performing a
modeling and sensitivity analysis and combining them with the available data. With such a
treatment one must consider errors arising in the experimental data, the form of the model and
its "known" other parameters. In thermal decomposition problems, form refers to the proposed
mechanism and the "known" parameters refers to those specified from other experiments. The
sensitivities referred to in Subsection 5.2.4 are especially important in executing this
analysis. The ultimate goal is to achieve a quantitative measure of uncertainty in the extracted
parameters. One cautionary comment is that sensitivity analysis exploited in this way is in
general restricted to the regime of a local analysis due to its first order gradient nature.
Partially in recognition of this point, Subsection 5.3.1 below makes specific suggestions for
accordingly extending the sensitivity analysis tools.

5.26 Lumped Model Iidentification

It was argued in Section 3.6 that there is an essential need to reduce the complexities of
the microscopic dynamic and macroscopic kinetic models to their physical essence as much as
possible. Sensitivity analysis is not the only tool to be exploited for this purpose, but it can
have a significant role. At a minimum, its contribution can consist of providing a quantitative
indicator of the viability of system lumping and reduction. In particular, the phenomena of
scaling and self similarity among the sensitivity coefficients of various types, implies a distinct
underlying dynamically driven relationship among either the system dependent variables or the
parameters themselves.150,153

Furthermore, it may be possible directly to estimate the combination(s) of dependent
variables or parameters appropriate for the reduced or lumped systems. The presence of
scaling and self similarity is proving to be one of the more important generic results to arise
from sensitivity analysis and a fuil exploration of its consequences should be a natural part of
planned research in this area.

The above narrative list of energetic materials applications of sensitivity analysis as
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depicted in Figure 7 will likely grow and be amended as the tools are further developed and
i implemented. This latter comment is based on experience with parallel sensitivity analysis
pursuits in other physical areas of application.

o~
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Sensitivity analysis is beginning to make a contribution to energetic materials

| combustion:17.18,154 and a further step is surely a complete implementation of the currently
available techniques. However, clear needs can already be identified for improving these
techniques in order for the fullest understanding of energetic materials decomposition to be
made as rapidly as possible. Two specific suggestions for pursuit are listed below.

5.3.1 Extension of Sensitivity Gradient Concepts to the Electronic Structure
Level

Although this extension does not directly represent a fundamental alteration in the existing
tools, it does represent an extension to the most fundamental level. This extension would finally
compiete the hierarchy of bridging steps that sensitivity analysis can provide. ranging from the
9 electronic structure level through macroscopic processes. It is important to understand that
the issues here are not ones questioning structure in the electronic Hamiltonian, but rather the
role played by that structure and, perhaps more important, the contributions of different
orbitals for steering reactive processes into one channel or another. Sensitivity analysis has
the potential for providing a quantitative assessment of these matters beyond the loose
] qualitative discussion of their treatment in the existing literature. Another related matter
would be the use of sensitivity analysis to identify the most imporiant locations for sampling
potential surfaces used in subsequent dynamics for rate constant estimation. Naturally, all
these applications are themselves associated with iterative processes of improvement at the
electronic level as guided through the sensitivity of rates or even higher level observables to
the underlying microscale processes.

’ 5.3.2 Global Sensitivity Analysis

All of the sensitivity concepts discussed throughout this paper are based on local gradient
{ sensitivity analysis techniques. The local concepts are especially useful for addressing the
question of what's important in a nominal energetic material or in a model of one that is
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undergoing iterative improvement. On a broader scale is the desire to feed this information
ultimately into the design process of providing improved propellant molecules or mixtures.
Here, sensitivity on a more global scale with respect to controlling parameters is critical. A
successful treatment of this matter would have widespread applications to many topics besides
the one being treated here. However, a global assessment of any problem will never be an
inexpensive matter, although it need not be as costly as the brute force approach of repeated
computational sampling in parameter space. Currently, research in the area of using Lie
groups for this goal is being pursued and this activity should be explored carefully and other
approaches encouraged as well.”9

The entire effort being proposed here, including that of development and application of
sensitivity analysis, represents an overall generic approach to the treatment of complex
problems. It is worthy to note that full pursuit of this research for the immediate energetic
materials applications would aiso lay the direct groundwork for the transferral of the
methodology to analogous complex problems in science and engineering.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The effective and efficient development of new generations of nitramine based, highly
energetic propellants clearly will require the systematic acquisition, integration and
exploitation of a much deeper knowledge of the basic physics and chemistry controlling the
ignition and combustion of both neat nitramines and nitramine based propellant formulations.

The acquisition of the needed depth of understanding will require a coordinated
hierarchical program invoiving both extensive theoretical modeling and supporting and
confirming experimental work as outlined in Figure 2.

The components of the required basic research program discussed in depth in Sections 3
through 5 of this report are summarized below. All of the specific components of the required
research plan cannot be presented at this time, principally because of the interactive nature of
the program represented by Figure 2. New issues will be uncovered and highlighted as the
research progresses. As discussed in Sections 2 and 4 one key question, yet fo be answered, is
how important condensed phase and gas-surface physical and chemical processes are in
controlling the ignition mechanism and burning rate.

While all of the details of a successful nitramine based propellant ignition and combustion
research program can not yet be set, we firmly believe that the major components are clear and
that no technical barriers exist to prevent the implementation of a successful and productive
research initiative aimed at placing highly energetic nitramine propellant development
activities on a firm scientific basis.

6.2 Recommendations
6.2.1 Technical lssues

A research program focused on understanding and integrating the basic physical and
chemical processes controlling the ignition and combustion of nitramine propellants should be
initiated as soon as possible.

The basic goal of such a program should be to generate a set of comprehensive computer
models capable of describing the pyrolysis and subsequent combustion of a wide variety of
known and prospective nitramine compounds, both alone and formulated with a wide range of
binders and other propellant components.

These models must be validated against a comprehensive set of careful experimental
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measurements from a variety of pyrolysis and combustion experiments on both nitramine
propellant components and formulations. The quality of this validating experimental data will
depend heavily on the creative adaptation and/or invention of precise diagnostics for critical
physical properties ard key chemical species distributions.

Model development efforts must be systematic, with steady progression from the simpier
to the more complex, and with constant experimental validation as outlined in Table 1 of Section
3.

Critical thermochemical, kinetic and heat, mass, and radiative transfer parameters will
have to be generated for a variety of nitramine species and their decomposition and reaction
products. Key spectral and radiative parameters will also be required for diagnostic
development and tailoring. The successful generation of these required microphysical "input”
parameters will require a large number of supporting theoretical and experimental studies, as
discussed in Sections 3 and 4.

Sensitivity analysis techniques will be required to guide both theoretical model
development and the continuous interplay between models and experiments. As outlined in
Section 5, we also believe it has a key role to play in both detailed experimental design and
model development. Significant opportunity now exists to extend the capability of sensitivity
analysis techniques within the proposed program; these should be pursued.

Finally, the complex models developed for detailed comparison with experiment must be
successfully "collapsed” into forms suitable for development engineering. The key to successiul
model reduction lies in developing procedures and criteria to lump related chemical kinetic and
physical transformation processes. Since our final goal is to generate both tractable and
accurate engineering development models of nitramine ignition and combustion, it is clear that a
significant effort must be devoted 1o this effort.

6.2.2 Programmatic lIssues

A successful program of the type envisioned in this report proceeds through an iterative
cycle of:
Problem Definition — Tool Development — Tool Deployment —

-» Problem Solving — Problem Redefinition.

Such a cycle requires time, typically four to six years for each cycle. After the first cycle
important engineering tools will be available for the propellant development community;
however, at least two cycles will be required to answer all of the most critical needs of that
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community.

To be successful the proposed program must also be focused. it must be prepared to draw
on the best scientists and facilities from university, private and government laboratories.
Furthermore, these scientists must have a sense of community to achieve the necessary level of
interplay and feedback between various theoretical and experimental efforts.

The creation of this sense of community will require very close cooperation among the
program managers funding the effort. It is important that the program have sufficient
scientific guidance to insure close cooperation without stifling individual scientific initiative.
This balance should be assured by the creation of a scientific advisory panel to help set criteria
for proposal submission and review, call and moderate regular technical exchange meetings and
counsel program managers on the evolution of programmatic needs and goals.

Furthermore, such an advisory group could be charged with creating and maintaining an
effective and dynamic interface with the advanced propeltant development and engineering
community. Such an interface is critical to the successful transfer of the knowledge gained by
the program into engineering reality.

Finafly, a hierarchical basic research program as depicted in Figure 2 is not possible
without a critical mass of scientific and engineering talent. To make serious progress on the
difficult problem of adequately understanding nitramine ignition and combustion will require a
substantial effort, and therefore substantial funding.

We estimate that six to ten active research groups will be required for model development
and supporting theoretical work during the first four to six year program cycle. Similarly six
to ten experimental groups will be needed for smaller scale supporting laboratory experiments
and diagnostic development efforts. Finally, two to four major laboratory facilities must be
involved in larger scale propeliant and propellant component pyrolysis, ignition and burning
experiments in order to generate the data necessary to validate both the more complex scientific
models and their "reduced" engineering versions.

While the challenge and expense of the nitramine ignition and combustion research
program we have outlined may seem formidable, we are convinced it is small compared to the
challenge and expense of successfully developing highly energetic nitramine based propeliants
without it.
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